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ABSTRACT

Suitability of wide bandgap semiconductors for room temperature (RT) spintronic,
and photovoltaic applications is investigated.
Spin properties of metal-organic chemical vapor deposition (MOCVD) – grown
gadolinium-doped gallium nitride (GaGdN) are studied and underlying mechanism is
identified. GaGdN exhibits Anomalous Hall Effect at room temperature if it contains
oxygen or carbon atoms but shows Ordinary Hall Effect in their absence. The mechanism
for spin and ferromagnetism in GaGdN is a combination of intrinsic, metallic conduction,
and carrier-hopping mechanisms, and is activated by oxygen or carbon centers at interstitial
or similar sites. A carrier-related mechanism in MOCVD-grown GaGdN at room
temperature makes it a suitable candidate for spintronic applications.
Zinc oxide (ZnO) doped with transition metals such as nickel and manganese and
grown by MOCVD is investigated, and bandgap tunability is studied. A bandgap reduction
with transition metal doping is seen in ZnO with dilute doping of nickel or manganese.
Transition metals could introduce energy states in ZnO that result in a bandgap reduction
and could be tuned and controlled by growth conditions and post-growth processing such
as annealing, for spintronic and photovoltaic applications.
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1. INTRODUCTION

Wide bandgap compound semiconductors are investigated in this work, intended to
address challenges in electronics and energy harvesting with focus on spintronics and
photovoltaics respectively.
There has been an exponential growth in the microelectronics industry over the last
decades with a consistent miniaturization of transistors’ size and increase in the speed and
on-chip transistors’ density with reasonable power consumption, as seen in Figure 1.11.
This is based on developments in chip manufacturing and silicon CMOS technology, but
the trend will saturate soon especially due to the unintended thermal noise that is dissipated,
as the density of transistors on the chips increase and as the corresponding electronics
approach their physical limits2–5.

Figure 1.1 Progress of electronics, and trend according to Moore’s law1.
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Developing processors for future computing platforms such as quantum
information, neuromorphic computing, artificial intelligence, and big data need devices
that are scalable with low power requirement and yet high speed. There is a need to
implement new processing and computing techniques with more compact size, lower
power consumption and enhanced performance.
In energy harvesting, there has been an increasing need to harness renewable energy
sources such as solar energy to build a cleaner and greener environment and yet satisfy
electrical power requirements6–9. However, the efficiency of solar cells is typically limited
to ~20% which could be potentially improved by developments in solar cells technology.
Semiconductors have been among the most impactful materials recently and have
been used in electronics and photovoltaics industries10–12. The need for better electronic
and energy harvesting devices has propelled interests in newer semiconductors. Compound
semiconductors such as III-V and II-VI materials or similar could be alternatives to
conventional semiconductors such as silicon13–17. These materials have recently been
explored for applications in electronics, energy harvesting, sensing, and bio-medicine.
This document presents a systematic study of compound semiconductors that could
be used in future spintronic and photovoltaic technologies.
Section 1 briefly introduces spintronics, photovoltaics, and the compound
semiconductors gallium nitride and zinc oxide. Challenges currently faced in the
mentioned topics are identified and potential solutions are investigated in the next sections.
Materials with spin functionalities at room temperature, and bandgap tunability that could
be built into devices are of interest. Sections 2 and 3 explore gadolinium-doped gallium
nitride grown by metal-organic chemical vapor deposition which could be an interesting
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material for spintronic applications at room temperature, but the underlying causes of the
conducive properties observed in the material are not clear. Also, the role of constituent
elements in rendering spin properties needs more experimental study. It is essential to
understand the mechanism of material properties in order to be able to control, manipulate,
and apply them in practical devices and processors. In Sections 2 and 3, experiments
targeted towards this understanding are discussed, and the mechanism is identified.
Bandgap tunability is an important property of compound semiconductor such as
zinc oxide which makes it applicable for multi-junction solar cells’ applications as an active
layer. Also, bandgap tunability implies a control over the energy states in zinc oxide with
doping. Doping with transition metals could introduce unpaired electrons in zinc oxide
thereby widening its applications in spintronics and thermoelectrics. Section 4 discusses
bandgap tunability in zinc oxide doped with nickel or manganese and grown by metal
organic chemical vapor deposition.
Section 5 reviews and presents experimental efforts towards development of fieldeffect Schottky solar cells. External bias at the gate isolated from the probing layers in solar
cells provides additional band-bending resulting in a better power conversion efficiency.
Design and fabrication of gallium arsenide based Isolated Collection and Biasing Solar
Cells (ICBS) are discussed. Gate effect in the solar cells is studied.
A transmission line based equivalent circuit model is developed in Section 6 to
enable a rapid design of frequency selective surfaces in the infrared region with a physical
insight into its functioning through circuit parameters.
Section 7 summarizes the findings and conclusions from this work and provides
suggestions for future directions.
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1.1. SPINTRONICS
Spintronics is an enabling technology to meet the speed, power, and scalability
requirements for the next generation of computing such as quantum information and
neuromorphic computing18–20. It promises to continue trend of miniaturization of electronic
devices with lower power requirement as compared to the current technology21–27. The
non-volatile nature of spintronic memory could help to tackle the power efficiency related
challenges of microelectronics.

Figure 1.2 Simultaneous control of spin and charge functionality of an electron.

Spins are defined by their polarization as up-spin or down-spin as shown in Figure 1.2
and resulting effect could be a superposition of various quantum states. In a simplified jargon,
if the two polarization directions of electrons are considered as variables to store bits
(analogous to charged and discharged state of a capacitor), then to maintain electrons in a
specific spin polarization, an external power source is not needed. This not only helps in
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increasing non-volatile memory capacity but also results in reduced power consumption and
miniaturization, as compared to current silicon-based semiconductor devices.
Early work around 1970s spintronics focused on theories and ways to inject and detect
the spin. If external magnetic field up to 50 T is applied to layers of Ni and Al, a few Å thick,
then voltage across the material can be measured in positive and negative directions as per the
applied field28. These results can be compared to the measured voltages and related with the
magnetic field. Such an experiment can predict the nature of spin in Ni-Al structure. Hanle
effect, where the spin is detected with the help of the polarization of wave emitted by electronstransition within energy bands, was also explored. An impetus to this technology was achieved
by the discovery of the Giant Magnetoresistance (GMR) in 1988 by Albert Fert and Peter
Grünberg29. When two ferromagnetic materials are in placed in a layered structure, then
depending whether their spins are aligned in the same or opposite directions, the resistance
measured changes as shown in Figure 1.3. One of the ferromagnets is typically kept in in a
fixed direction and the other ferromagnet is tuned by external field30.

Figure 1.3 Resistance and magnetization with parallel and anti-parallel spin alignment30.
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1.1.1. Next Generation Spintronic Devices. In analogy with electronics devices,
the working of spintronics-based devices would be governed by the control and
manipulation of quantum states such as spin injection, spin transfer and spin detection.
Figure 1.4 shows a figure of a magnetic tunnel junction or a spintronic device with
combined memory and logic functionalities31,32. An external current could be used to apply
magnetic fields to the free ferromagnetic layer and result in logic 0 and logic 1 based on
the orientation of spins between the free layer and ground layer separated by an insulator.
When two ferromagnetic materials with same polarization are arranged in a layered
structure and separated by a thin non-magnetic film, carriers with same spin tunnel through
the intermediate layer. Ways to perform read and write operations with less latency and in
an error-prone environment has been a topic of interest recently. Power consumption in
such devices could be further reduced by utilizing the heat dissipation in the devices such
as the residual heat can set the current that is used to tune the magnetic field32,33.

Figure 1.4 A magnetic tunnel junction spintronic device with memory and logic
functionality31.
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Errors in memory storage could be reduced by increasing the difference between
the resistances in anti-parallel and parallel arrangements. For example, tunneling
magnetoresistance of 604% at room temperature and of 1144% at 5K were achieved in Ta/
Co20Fe60B20/ MgO/ Co20Fe60B20 configuration34.
Spin transistors are an integral part of spintronics-based devices for their tunability
in logic and memory applications35,36. The output current would depend on the
magnetization configuration of the source and drain. A spin transistor could consist of
ferromagnets or half-metallic-ferromagnets acting as source and drain and separated by an
oxide35. The AlSb/GaSb/InAs spin transistor device model is shown in Figure 1.537. Bulk
inversion asymmetry could be utilized, and spin detection could be performed using spindependent resonant inter-band tunneling. The gate voltage controls the spin relaxation
rates. However, calculations in the spin transistor model were performed at low
temperature, which needs to be scaled up to room temperature for practical spin transistors.

Figure 1.5 Schematic model of a AlSb/GaSb/InAs based spin transistor37.
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Injection, detection and transfer of spin has been a challenge. Light emitting diodes
(LEDs) operate on the emission of light corresponding to the movement of electrons from
higher energy band to lower energy band in a material38–41. If these electrons have an
associated spin, then the emitted light will be polarized with respect to the spin of the
involved electrons.

Figure 1.6 Schematic of a spinLED, and applications of a Co2FeSi-Fe based spinLED for
optical communication transfer and corresponding photocurrent in a detector spinLED at
temperature of 20K39.

Ferromagnetic metals have been most widely explored as spin injectors into an
LED. Electron-spin polarization up to 32% was achieved in MBE-grown GaAs quantum
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well at 4.6 K via a Fe/AlGaAs Schottky contact. Spin polarization of 80% was observed
by using GaMnAs as the injector at 4.6 K40. Room temperature spin-polarized GaN-based
LED using a FeCo/MgO spin injector showed spin polarization of 6% at room
temperature38. The spin lifetime depends on the dislocation defects which could one of the
reasons for a lower circular polarization.
Spin-LEDs have applications in the transfer of information using spin. This has
been demonstrated in GaAs/AlGaAs quantum wells with Co2FeSi and Fe injectors at 20 K
and shown in Figure 1.639. Accurate transfer of spin and increasing spin relaxation time is
necessary for usage of spin in devices. This spin transfer can be achieved by using spinLED. The spin of an electron is embedded in the emitted polarized light. Light can be
detected by another spin-LED at the receiving end to decipher the spin information that
was sent. The photocurrent in the receiver will be a function of the polarization of incident
light, and the spin in the transmitter.
1.1.2. Next Generation Spintronic Applications. Spintronics aims at developing
electronic device technology based on spin degrees of freedom. Quantum information,
neuromorphic computing, artificial intelligence, and Big data require high computing
speed and scalable sized device; simultaneous control of spin and charge for logic and
memory could pave the way for such applications42–45.
Neuromorphic computing involves development of processors that mimic
biological processes and the human brain. Spintronic devices discussed in the previous
Section 1.1.1 could be used as mammalian brain-like elements for complex architecture
and data processing. A spin torque in a magnetic tunnel junction and corresponding
interfaces could emulate neurons and synapses. Neuromorphic computing consists of
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several sub-branches of neural networks, optimization, pattern detection, intelligent
decision-making. The process of neuromorphic computing along with various subbranches and potential device base is summarized in Figure 1.746-47.

Figure 1.7 Spintronics for neuromorphic computing – Magnetic tunnel junction as a
neuron, and neuromorphic computing-related processes and constituent device base46-47.
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Spintronic nano-oscillators could be developed as shown in Figure 1.848. The
processor would consist of a magnetic tunnel junction. Spin-polarized current would flow
through the device at high frequencies in GHz resulting in generation of magnetic fields or
torques. The magnetic field could then be captured as spin signals or converted to charge
voltage signals through magnetoresistance, and the processor could be used as a spin-based
oscillator. A schematic of a FeB/MgO/CoFeB based nano-oscillator and resulting spoken
digits recognition rate are shown in Figure 1.8. Such devices could have applications in
sensors, random number generators, and pattern recognition49,50.

Figure 1.8 Schematic of FeB/MgO/CoFeB spintronic nano-oscillator and spoken digits
recognition rate48.
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Memristor devices could be stacked together in a crossbar array to form neural
networks for application in artificial intelligence. Each memristor unit could have a tunable
resistance and spin as per applied current. When arranged in a crossbar array, memristor
units could transfer information as per their logic levels and act as synapses and neurons.
Suitable processing could be done and the information could be sent to the suitable neurons
to take decisions, as shown in Figure 1.9 considering the case of vehicle traffic
monitoring46,51,52.

Figure 1.9 Memristor units, corresponding crossbar array, and a configuration for
applications such as artificial retina46,51,52.
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1.1.3. Materials Platform for Spintronics. Spin of a material is directly related
with its magnetic, electrical, and optical properties.
It is necessary to investigate materials and understand their properties to control
and manipulate their spin for spintronic applications. However, most materials show
conducive properties for spintronics at cryogenic temperatures, which limits their practical
applications. Presence of Johnson-Nyquist-like noise which is minimum at cryogenic
temperatures but increases with temperature makes it difficult to control the spin and to
implement spintronics at room temperature53–55. There is a need to investigate spintronic
materials for quantum applications at room temperature (RT) in order to build spintronic
devices for practical purposes. Dilute magnetic semiconductors are strong candidates for
such applications considering reports of ferromagnetism at room temperature and their
compatibility with existing CMOS devices.
One of the requirements towards building spintronics-based electronics is the
design of semiconductor, so that ferromagnetism could be tuned at room temperature. For
practical spintronic applications, a material with controllable magnetic and semiconducting
characteristics at room temperature (RT) is required. Transition metal (TM) or rare earth
elements with partially filled d and/or f orbitals are doped in semiconductors with an intent
to have ferromagnetic and semiconducting properties in a homogeneous material. DMS
such as GaN, ZnO, TiO2, GaAs, CdTe, InAs and InP are investigated for spintronics56,57.
DMS based thin films are ferromagnetic; but the mechanism for the ferromagnetism is not
clear. The magnetic properties could be due to defects, dopants, carriers, magnetic clusters,
spin glass or secondary phases. Control of the spin and understanding of underlying
mechanisms for ferromagnetism are still challenging. Theoretical modeling based on Zener
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model predicts the Curie temperatures for semiconductors containing 5% Mn and 3.5 x
1020 holes per cm3. GaN and ZnO, if successfully designed and fabricated, have potential
for room temperature ferromagnetism. Understanding of the carrier concentration,
mobility, crystal structure and defects in DMS and their relationship with the spin is
necessary for the realization of spin-based devices such as spin-LEDs, spin-transistors,
spin-sensors and so on. Gallium nitride and zinc oxide for spintronic applications are
discussed in Section 1.5.
TiO2 has been investigated for spin-based applications considering its chemical
stability and electrical and optical properties. TiO2 nanorods doped with 5% Mn and
synthesized using hydrothermal method showed ferromagnetism that is influenced by the
Mn concentration, oxygen vacancies and other defects in the structure58. The
ferromagnetism is seen to increase with Mn content. It is likely caused by interactions of
Mn with defects including oxygen vacancies that are locally present around the Mn ions.
V is a TM that has ionic radius close to Ti and an extra electron than Ti. TiO2 based
nanotubes were doped with 5% V and calcinated in air or argon59. The magnetization in
argon-calcinated TiVO2 was stronger than air-calcinated. A bound magnetic polaron
mechanism seems to be the cause for the RT ferromagnetism. Oxygen vacancies are more
favored in argon environment than in air which possibly contributed to the ferromagnetism.
These oxygen vacancies overlap with the magnetic ions to induce ferromagnetism. Oxygen
vacancies induced RT ferromagnetism was also observed in TiO2 nanotubes synthesized
by sol-gel method and doped with 5% Co60.
RT ferromagnetism was observed in InAs doped with TM with a Curie temperature
above RT61. The Curie temperature of clusters such as MnAs and MnGa are 318 and 400
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K respectively; so the ferromagnetism with a Curie temperature of 350 K seems to be a
characteristic of InMnAs quantum dots than that of clusters. The ferromagnetism is likely
due to the p-d exchange coupling between the host and Mn or due to possible disorders in
the quantum dots. In case of InCrAs quantum dots grown by MBE on GaAs, RT
ferromagnetism was observed; the magnetic moment enhanced with an increase of Cr in
the quantum dots62. Cr was incorporated into an interstitial site as an acceptor while
mediating the ferromagnetism.
ZnS nanowires and nanobelts were doped with Mn and Fe and prepared on Aucoated Si substrate using vapor-liquid-solid mechanism61. Higher pressure of about 20 Torr
resulted in nanobelts while pressure of about 5 Torr resulted in nanowires. As per X-ray
diffraction, doping by Mn and Fe did not change the crystal structure of ZnS even though
the growth directions of the nanowires and nanobelts were different. ZnS:Mn, ZnS:Fe and
ZnS:Fe,Mn showed RT hysteresis.
Self-assembled GaMnAs based quantum dots grown by Stranski-Krantanov growth
mode were ferromagnetic at RT with a possible hole-mediated or hopping mechanis63–65.
InP quantum dots doped with Mn and synthesized by hot colloidal nanochemistry showed
superparagmetic response at RT and ferromagnetism at temperatures below 25 K66. GaP
and AlN nanowires doped with Mn and synthesized by thermal evaporation and chemical
vapor deposition respectively also showed ferromagnetism at RT67,68.
Si nanowires implanted with Mn demonstrated RT ferromagnetic properties69.
Annealing at 600 0C increased the magnetization but annealing at 800 0C made the material
diamagnetic. The ferromagnetism is likely due to the long-range ferromagnetic ordering
between carriers of the host and the Mn atoms. The increase in magnetization with
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annealing at 600 0C is attributed to the mitigation of crystal damages. At 800 0C, the Mn
atoms originally present in the silicon formed precipitates with oxygen or silicon, escaped
to the surface with a sufficient thermal energy acquired from annealing, and made the Mnimplanted Si nanowires diamagnetic. Segregation of magnetic elements to the surface is
one of the challenges in using nanostructures. In 2-dimensional nanostructures, the
magnetic elements and precipitates have higher chances to remain incorporated or
homogeneous with the film even though they segregate and move to the surface. Such
problems could be less encountered in epitaxial thin films
Magnetoresistance of 19% was observed in Ni/graphene/Ni spin valve
nanostructure with the application of 2000 Oe magnetic field70. In the absence of magnetic
field, antiferromagnetic coupling was observed between the spins of the two opposite
nickel layers. Mechanism for ferromagnetism in these C based materials could be due to
defects in the structure70–74. Organic materials have shown properties favorable for
spintronic application70,71. Graphene quantum dots demonstrate carrier confinement72.
Analysis of anomalous Hall effect in Q-carbon shows side-jump electronic scattering
mechanisms and intrinsic mechanisms for the observed RT ferromagnetism73.
Nitrogen vacancy (N-V) centers in diamond and silicon carbide have been recently
studied for spintronic applications75,76. Diamond has a high thermal conductivity, is hard,
and transparent. Carbon atoms could be deposited on silicon substrates using chemical
vapor deposition. N-V centers are single impurities in diamond and are n-type, could carry
and retain spin at RT with lesser contributions from spin-orbit interactions, and could emit
single photons.
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MoSe2, MoTe2, WS2, CdS, CdTe, GeMn, Ge/Si are other potential candidates for
spintronics applications77–81. Two dimensional materials in the MXenes family such as
Cr2C, Cr2CFCl, Cr2CClBr, Cr2CHCl, Cr2CH, Cr2CFOH, Hf2MnC2O2, Hf2VC2O2, Ti2NO2
and Cr2NO2 are also being recently studied for spintronic applications82–85. Other materials
studied for spintronic applications include silicon carbide, chalcogenides, Heusler
compounds, topological materials, and DNA spintronics84–95.
Several materials show spin properties at low temperature but achieving
controllable spin at RT is still a major challenge. Among materials with a potential for RT
spin, the mechanisms seem to be defect-based and could be complicated to control. Also,
organic materials could have limitations on substrates compatibility for used in device
applications. Compound semiconductors epitaxially grown that show interesting
semiconducting, magnetic, and optical characteristics need to be explored. GaN and ZnO
show RT ferromagnetism, as per theoretical modeling. Also, GaN doped with gadolinium
has shown a potential for RT ferromagnetism that might be mediated by carriers in the
material. A carrier-mediated mechanism is suitable for spintronics as it offers a direct
control over the spin properties, and devices such as spin-transistors, spin-diodes,
spinLEDs, memristors could be built.

1.2. PHOTOVOLTAIC
An increasing need for renewable energy sources has recently brought intensive
attention to the field of photovoltaics. Development and optimization of devices that could
efficiently harness solar energy and convert to electricity are crucial. Silicon solar cells
have a power conversion efficiency up to ~25%. Solar cells’ efficiency could be improved
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by using single-junction materials configurations that result in a higher power conversion
efficiency, and by development of multijunction solar cells to achieve a resulting high
power conversion ratio. Compound semiconductors could be tuned to have varying
bandgaps and be used in tandem structures. Moreover, materials such as zinc oxide could
be tuned to act as passivating and anti-reflection layers thereby reducing defects-related
carrier traps when used with a ZnO active layer based solar cell. P-type doping of ZnO is
challenging due to the presence of n-type native defects. Hence, the configuration of
Schottky junction solar cells needs to be updated to achieve a higher efficiency in
harnessing solar energy. More introduction on photovoltaics is provided in Section 5.

1.3. COMPOUND SEMICONDUCTORS
Compound semiconductors are introduced in this section with emphasis on gallium
nitride and zinc oxide.
Gallium nitride has received research attention especially after the successful
development of GaN based LEDs in the 1990s, for various future applications such as
spintronics, light emitting diodes, photodetectors, power electronics, neutron detection, and
photovoltaics, mainly due to its bandgap of 3.4 eV which could be brought down to 0.7 eV
with In doping, high thermal conductivity and stability, high breakdown voltages, chemical
stability, and emission properties.
Zinc oxide (ZnO) is a multi-functional material of research interest over the last
decades due to the tunability in its characteristics and direct applications in various areas
such as energy harvesting, electronics, and bio-medicine98–104. A direct and wide band gap,
a high exciton binding energy, stability at high temperature and power, earth-abundance,

19
and environmental-friendly nature has arisen interest in ZnO for photovoltaics,
thermoelectrics, spintronics, electronics, sensing, piezoelectrics, and biomedicine105–111.
ZnO is abundant and non-toxic, which widens its applications in biomedicine.
A high carrier mobility and breakdown voltage in GaN and ZnO as compared to
commonly used semiconductors such as silicon and gallium arsenide, make them potential
materials for future transistor electronics. These materials are stiff, hard, and show
piezoelectric and thermoelectric effect due to a non-centrosymmetric crystal
structure112,113. ZnO and GaN have a similar wurtzite structure, and hence could be stacked
and used for photodetector and similar applications114–116. They are immune to high energy
incidence, and could be used for space applications and neutron detection105,117. GaN and
ZnO could be grown as thin films, bulk, as well as nanostructures, and each structure could
have its unique morphology101,118,119. The resulting properties of also depend on the growth
methodologies. A better understanding of GaN and ZnO growth, precursors’ roles, defects,
and properties is crucial for its utility in future applications.

1.4. GROWTH OF GALLIUM NITRIDE AND ZINC OXIDE
Optimum growth conditions and constituent element sources are required to grow GaN and
ZnO with desired structure and properties. Several growth techniques such as metalorganic chemical vapor deposition (MOCVD), molecular beam epitaxy (MBE), atomic
layer deposition (ALD), pulsed laser deposition (PLD), hydrothermal method, sol-gel
technique, and magnetron sputtering have been used to grow GaN and ZnO, on substrates
such as sapphire, silicon carbide, silicon, gallium arsenide, LiTaO3, and glass98–

20
101,103,105,120–122

. Sapphire is the most common substrate due to its lattice match,

crystallinity, optical transparency, low cost, and stability at high temperatures and pressure.
MOCVD is an established technology to grow GaN and ZnO at high/low
temperatures, and results in a well-controlled and uniform growth with a good crystal
quality and growth rate, over a large area, and could be employed at laboratory as well as
commercial scale123–128. MOCVD involves a controlled vaporization of a metal-organic
zinc source, followed by a vapor-pressure chemical reaction with oxygen source under
optimum growth conditions (temperature, pressure, substrate rotation) resulting in thin film
deposition on the substrate. Figure 1.10 shows a flow flange of a MOCVD system chamber
with points where zinc, oxygen, and carrier gas enter the chamber right above the susceptor,
substrate holder, grown zinc oxide samples, and resulting photoluminescence response of
a ZnO sample.
An optimum heat exchange is maintained between the flow flange and the susceptor
to satisfy boundary layer conditions and effectively result in a chemical reaction and
material deposition. High purity bulk ZnO can be grown using a pressurized melt growth
technique, which involves melting of raw materials, followed by crystallization as the
temperature is lowered129–132. ZnO powder is heated up to ~1950 oC in a crucible, and the
crucible is steadily moved away resulting in bulk crystallization. The composition of
transition metal dopant could be set by the stoichiometric amounts of source powders
before starting the growth. Temperature changes and pulling rate of the bulk crystal control
the resulting properties, defects, and grain boundaries of ZnO.
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Figure 1.10 MOCVD chamber flow flange, substrate holder, grown ZnO sample, and
resulting photoluminescence spectra123.

Molecular beam epitaxy also results in a uniform growth of GaN and ZnO with a
high crystallinity, however the growth rate could be lower than other techniques, and
system maintenance cost could be high133,134. Magnetron sputtering and PLD are among
other commonly used growth methods126,135. In magnetron sputtering, an electric field is
applied between the target and ions’ source. Ions striking the target release atoms which
are deposited on a substrate. Magnetron sputtering usually results in defects which makes
it difficult to effectively control material properties. In the case of PLD, a laser beam is
incident on the target instead of ions. Pure or doped / alloyed GaN and ZnO could be used
as targets in this growth method. Sol-gel is another popular technique to grow GaN and
ZnO, and involves mixing constituent elements’ precursors to form a clear solution, and
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then placing the solution on a substrate or dipping the substrate in the solution, at
temperatures above ~100 oC to deposit thin films136–141.
Zinc oxide could also be grown using ALD that consists of sequential and selflimiting self-reactions at low temperatures (~200 oC) and results in a conformal and
uniform deposition of ZnO films, that are typically a few nanometers thick142–148.
Incorporation of dopants could be precisely controlled in ALD, but the growth rate is lower
than other techniques; the reactor geometry, precursor injection schemes, and purge times
could be potentially optimized to achieve higher growth rates149,150.
GaN and ZnO in stable form have an asymmetric structure. Depending on the
overall growth mechanism, sites in ZnO which are oxygen deficient, or zinc deficient, or
which do not have Zn and O bonded, are likely. These cause defects and scattering in
ZnO151,152. Defects in ZnO primarily arise due to vacancies, interstitials, and unintended
sites activated. Zinc interstitials, oxygen vacancies, and zinc antisites, are common donor
defects, while oxygen interstitials, zinc vacancies, and oxygen antisites are acceptor
defects153–155. Acceptor-type defects have high energy of formation and result in instability
at room temperature (RT), while donor defects are more common and exist at RT in
thermodynamically stable states. Common donor-type defects could be conducive for a
high n-type carrier density of ZnO but make p-doping of ZnO challenging. On the other
hand, p-type doping of GaN has been achieved.
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1.5. GALLIUM NITRIDE AND ZINC OXIDE DEVICES AND APPLICATIONS
This section discusses about the applicability of GaN and ZnO in various areas of
electronics, energy harvesting, and sensing such as spintronics, photovoltaics,
photovoltaics, light /laser emitters, neutron detection, and biomedicine.
1.5.1. Spintronics. GaN and ZnO doped with transition metal could have a Curie
temperature above RT and be an interesting material for spintronic applications56,57,156.
The suitability of GaN as a dilute magnetic semiconductor (DMS) primarily stems
from the ability to dope GaN with transition metals (TM) and rare-earth metals (RE) to
achieve room temperature ferromagnetism. Combining the magnetic moments of electrons
in partially filled d orbital of TM, or d and f orbitals of RE metals, with the semiconducting
and optical properties of GaN has raised interest in spintronic applications such magnetic
memories, spin polarized LEDs, spin valves and spin-based transistors.
Theoretical analysis based on Zener’s ferromagnetism predicted the existence of
RT ferromagnetism in GaMnN with 5% Mn and 3.5 × 1020 holes/cm3. Small lattice
constant and presence of nitride anion in GaN, doped with Mn containing a half-filled d
orbital result in this ferromagnetism. Local spin density calculations show that magnetic
TM-doped DMS forms deep levels in GaN, and that the Curie temperature (Tc) initially
increases with an increase in the TM concentration but at high concentrations, the Tc
decreases due to the formation of TM clusters157–159. These clusters have antiferromagnetic
TM-N and ferromagnetic TM-TM coupling. Annealing reduced the magnetization possibly
due to the formation of phases that do not contribute to ferromagnetism. Si codoping
compensates the Mn acceptors that substitute Ga. Additionally, Si cooping and annealing
increase the Fermi level resulting in nitrogen vacancies and trapped donor electrons.
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Similar behavior of RT ferromagnetism was also observed in GaFeN with 0.7% Fe
doping grown using MOCVD, except that no change is observed with Si codoping160. The
effect of thickness of Fe films on the Fe/GaN interface roughness and on the resulting
ferromagnetic behavior was investigated by growing Fe films using MBE on MOCVDgrown GaN on sapphire161. An increase in roughness at the GaN/Fe interface was observed
with an increase in the Fe layer thickness up to 10 nm, which resulted in enhanced
coercivity and saturation magnetization. GaCrN, is another TM doped DMS grown using
radio-frequency plasma-assisted MBE on sapphire substrates that showed RT
ferromagnetism100. On doping the samples with Si, crystal quality improved and
magnetization was reduced. Long-range mediation between Cr, Si and VGa is considered
responsible for this behavior. The spin properties of most transition metal doped GaN seem
to be mediated by defects and impurity bands introduced by the dopants in GaN.
Elements such as Gd, Er, Eu, Sm and Nd have been doped in GaN with intent to
investigate the optical, electrical and magnetic properties56,162–166. Gd has been the most
explored rare-earth dopant with half-filled f and partially filled d orbitals. GaGdN can be
doped with donors or acceptors with a density more than that of Gd to introduce additional
spin-polarized carriers. Room temperature ferromagnetism was observed in GaGdN grown
using ammonia-assisted MBE on SiC and doped with Gd. As the GaGdN samples were
insulating, the observed ferromagnetism was not carrier mediated. The samples contained
oxygen, which possibly resulted in p-d hybridization and contributed to the magnetic
moment of the sample. In another study, MOCVD-grown GaN was doped with Gd from
two sources, ((TMHD)3Gd) that has oxygen in its organic ligand, and (Cp3Gd) that does
not contain oxygen166. RT ferromagnetism was observed only in samples with oxygen-
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containing Gd source. Magnetization in GaGdN could be enhanced by codoping with Si
and Mg co-doping. VSM measurements of p-doped GaGdN are shown in Figure 1.11.
Holes seem to be more dominant than electrons in contributing to the ferromagnetism in
GaGdN166,167. First principle calculations of Mg doped nanowires predict lattice distortions
when Mg substitutes Ga. Also, codoping with C is predicted to effect magnetic properties
in GaGdN as per Zeners’ p-d exchange mechanism168.

Figure 1.11 Room temperature ferromagnetism in p-type GaGdN166.

GaN nanostructures doped with 2% Mn or 3% Fe and synthesized using MOCVD
and Stranski-Krastonow like growth showed superparamagnetic behavior at RT and
ferromagnetism at 5 K as shown in Figure 1.12169,170. Precursors used were Trimethyl
gallium (TMGa) for Ga, trimethyl aluminium (TMAl) for Al, ammonia (NH3) for N, Biscyclopentadienyl manganese (Cp2Mn) for Mn and bis-cyclopentadienyl iron (Cp2Fe) for
Fe. The nanostructures were grown on AlN layer on sapphire substrates. GaTMN was
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deposited in an optimized two-step process of low temperature (<850 0C) and low V/III
ratios (<30) followed by high temperature (up to 970 0C) growth in a nitrogen environment.
GaMnN and GaFeN showed hysteresis at 5 K and superparamagnetic behavior with
reduced coercive field at RT; such a behavior could be due to dopant-related clusters.
Similar superparamagnetic-like behavior was observed in GaMnN nanowires with Mn up
to 3% and synthesized using vapor-liquid-solid method and a nonmagnetic Au catalyst171.

Figure 1.12 Magnetization measurement of GaMnN and GaFeN nanostructures grown on
AlN on sapphire by MOCVD169.
In another study, Ga0.93Mn0.07N nanowires were grown by controlled transport of
gallium chloride (GaCl3), manganese chloride (MnCl2) and NH3 at 800 0C on sapphire or
silicon carbide coated with nickel172. RT ferromagnetism was observed. The
ferromagnetism seems to be due to secondary paramagnetic phases. GaMnN
nanostructures synthesized by carbothermal nitridation and doped with carbon also showed
RT ferromagnetism wherein the saturation magnetization enhanced with an increase in the
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C source173. This could be due to the hybridization of some states of C or of Ga or N
vacancies with spin-polarized states of Mn clusters.
GaN nanorods grown on patterned Ti/Si substrate using MBE nanostructures
showed an enhancement in ferromagnetism with Si doping and increased nanorods
diameter174. Si dopants adds more carriers but a complete explanation of introduction of
spin in the material is unclear.
Ga vacancies may also contribute to the observed ferromagnetism in GaGdN and
GaN175,176. Ga vacancies could possibly contribute to ferromagnetism in TM and RE doped
GaN, but act as a primary mechanism in unintentionally doped GaN.
GaN-based compounds have been explored for magnetic behavior and have the
potential for use in spintronic applications. Although several theories and mechanisms have
been proposed to explain ferromagnetism in TM and RE doped GaN and experiments are
performed, further work is necessary to understand the origin of magnetism in GaN-based
materials.
ZnO in a bulk form doped with Mn, Co, and Fe was grown using a melt growth
technique for the study of ferromagnetism in the materials131,132. Mn-doped ZnO showed
antiferromagnetic behavior, while Co-doped ZnO showed signs of ferromagnetism at RT.
However, the origin of this magnetic behavior is not clear and is most likely due to Mn and
Co clusters. In the case of ZnCoO, 3d orbitals of Co could overlap with impurity bands in
ZnO. Doping ZnO with Mn and Co could also help to tune its dielectric properties and
dielectric constant from ~8.5 to over 25177. In another study, Fe was doped in bulk ZnO
and ferromagnetic hysteresis curve was observed at RT131. Ni-doped ZnO thin films grown
by MOCVD also exhibited RT ferromagnetism. Rare earth element Gd-doped ZnO thin
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films showed ferromagnetism at RT, but ZnGdO bulk material showed a diamagnetic
response. Figure 1.13 shows magnetization hysteresis plots of ZnO:Fe bulk crystal grown
by melt-growth technique, and MOCVD-grown ZnO:Gd thin films. The ferromagnetic
behavior could be due to interaction of the dopant carriers with the host material carriers,
or defect/impurity states, or magnetic clusters, or due to dopant-induced defects.

Figure 1.13 Magnetic properties of Fe-doped ZnO bulk crystal grown by melt growth
technique, and Gd-doped ZnO thin film grown by MOCVD132.

Mn-doped ZnO nanostructures were synthesized using chemical vapor
deposition178. Growth temperature of 600 0C resulted in nanorods while lower growth
temperatures of 500 0C and 400 0C resulted in bowls and cages nanostructures respectively.
The ZnMnO nanorods showed ferromagnetism at low temperatures but were paramagnetic
at RT. On the other hand, the bowls and cages nanostructures showed RT ferromagnetism
with a coercivity of 77 Oe and their magnetization at lower temperature was weaker than
the ZnMnO nanorods. Stronger magnetization in the nanorods at 5 K could be due to the
higher Mn content in nanorods. RT Ferromagnetism only in bowl and cage nanostructures
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is probably a result of more uniform distribution of Mn in the nanostructures at low
temperature growth.
ZnO nanowires doped with Cu showed RT hysteresis. ZnO nanowires were
synthesized by reactive vapor deposition and then implanted with 2% Cu178–181. The
samples were annealed at 600 0C in oxygen or argon for 2 hours to reduce the crystal
damages by ion implantation. While as-implanted samples were paramagnetic, annealed
samples were ferromagnetic at RT with the magnetic properties in oxygen-annealed
samples being stronger than argon-annealed ones. Oxygen seems to have a role in the
magnetic properties. However, it is not clear if the ferromagnetism stemmed from nanowire
related properties or Cu or oxygen.
Ferromagnetic ZnO nanowires doped with 2% Nd showed magnetic anisotropy,
that is, the magnetization was higher for in-plane applied magnetic field than for out-ofplane field182. This anisotropy likely has roots from the orbital anisotropy of doped Nd
ions. The ferromagnetism is mediated by the interaction of the Nd ions with the O ions, but
this is not clear. Theoretical calculations also show that C, N or In doping could result in
ferromagnetism in ZnO nanowires183–185.
1.5.2. Photovoltaics. A direct band gap, high carrier diffusivity, carrier
concentration / mobility, along with a non-toxic nature, abundancy, and a crystalline
structure, enables ZnO to be applicable in various parts of solar cells102,124,125,128,186–197.
Bandgap engineering and photon absorption are factors that make it a good active layer.
ZnO could also be a substrate, passivation layer, carrier blocking layer, or transparent oxide
layer. Having multi-functionality in a single material base could reduce interface-related
defects in layered and multi-junction solar cell structures. Details about applications of
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ZnO in solar cells are discussed in Section 4. Also, GaN alloyed with InN has shown
applications in solar cells100. Phase separation could result in deterioration of solar cells’
performance but could be potentially resolved by tuning growth conditions.
1.5.3. Thermoelectrics. There has been a recent interest in thermoelectric
materials, considering the potential of effectively harnessing heat energy that is naturally
available, and that is usually wasted as a byproduct98,105,112,198–201.
Thermoelectric materials are characterized by a thermoelectric figure of merit
defined as ZT=S2σ/(ke+kl), where T is the temperature, S is the Seebeck coefficient, σ is
the electrical conductivity, ke is the carrier thermal conductivity, and kl is the lattice thermal
conductivity; S2σ is the power factor. A high power factor or ZT, and a large Seebeck
coefficient are conducive for energy generation, and sensing applications. Materials with a
low thermal conductivity and high electrical conductivity are of interest, in order to
maintain a temperature difference and yet have a carrier flow through the material. σ and
ke are inter-dependent as per the Wiedemann-Fran relation, which makes it difficult to
achieve a figure of merit greater than unity. Bi 2Te3, Sb2Te3 are commonly explored
thermoelectric materials, however, they are expensive, toxic, and not sufficiently stable at
high temperatures.
ZnO and GaN have a high temperature stability and have shown potential for
thermoelectrics. ZnO could be a good alternative to conventional thermoelectric materials
due to its non-toxicity, abundancy, and a high temperature stability.
Codoping with Al and Ga could optimize the thermoelectric properties of
ZnO200,201. Bulk ZnO has been reported to have a Seebeck coefficient up to 478 µV/K, with
a power factor of 0.75x10-4 W/mK2 200,201. ZnO doped with Al and Ga have been reported
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to have a ZT up to 0.45 (and power factor up to 15 W/mK2) at 1000 K, however the
electrical conductivity was low200,201. Figure 1.14 shows Seebeck coefficients and power
factors of ZnO materials. High Seebeck coefficients are seen for bulk ZnO and ZnAlO thin
films. Bulk ZnAlGaO and ZnAlO have a high power factor. Al or Ga dopant could
substitute Zn in ZnO, possibly result in defects centers, and result in an enhanced electrical
conductivity, yet maintaining a low thermal conductivity. Figure of merit and Seebeck
coefficient of ZnO:Al improved by co-doping with Sm, Fe, and Ni, however, this could
result in a low electron mobility105.

Figure 1.14 Seebeck coefficient and power factor of various ZnO compositions200

ZnO nanoparticles could be embedded in cement to utilize the heat energy and
temperature differences in concrete structures112,113. ZnO and Al-doped ZnO were mixed
in cement with a varying ZnO content in one set of cement and varying ZnO:Al in
another113. The Seebeck coefficient increases, and thermal conductivity decreases with
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ZnO or ZnO:Al incorporation in cement paste. ZnO could reduce hydration reactions and
result in an improved thermoelectric performance.
Also, a high Seebeck coefficient up to 500 µV/K was observed in GaN based thin
films, and ZT up to 0.86 in GaN nanostructures at 300 K. Figure 1.15 shows Seebeck
coefficient of GaN based materials100.

Figure 1.15 Seebeck coefficients of GaN based materials100.

1.5.4. Light Emitting Diodes. GaN has been one of the key materials in the
development of light emitting diodes. Initial LEDs were built using MBE-grown GaN, but
an improvement in the quality was seen with MOCVD-grown GaN100. Heterostructures of
GaN alloyed with Al and In could be developed to tune the output properties of LEDs.
Patterned sapphire substrates, electron/hole blocking layers in the quantum wells, control
over polarization, and reduction of crystal defects and nonradiative recombination could
help towards enhancing LEDs’ quality.
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A high free exciton binding energy of 60 meV, tunable bandgap, and high carrier
concentration, also makes ZnO a narrowband emitter, and a potential add-on to GaN as a
typical semiconductor material for light emitting diode (LED)111,202–204. ZnO LED was
built from MOCVD-grown p-n junction. A turn on voltage of 3.3 V and reverse breakdown
voltage of 10 V was reported, which shows a low defect density111. An electroluminescence
peak at 384 nm appears due to a recombination of the nitrogen luminescent centers (p-type
dopant) and shallow donors in n-type ZnO. ZnO could either be used as a homojunction
LED, or could even be interfaced with other p-type material, for example, p-GaN/n-ZnO
LED204. Some other configurations include ZnO on Si, ZnO on SiC, nanowire and quantum
dots LEDs wherein the nanostructure-related properties would append to the inherent ZnO
characteristics that are conducive for LEDs’ operations.
1.5.5. Neutron Detection. Neutron detection and scintillating materials are
important in nuclear fusion and fission reactions, sensing high energy radiations in space
and materials, medical imaging, non-destructive testing, geological purposes, and energy
characterization105,117,142,205. There has been an increasing interest in new materials for
neutron detection especially after the recognition of a scarcity of materials to build 3He
detectors206,207. Scintillators absorb high energy radiation and emit radiation that are lesser
energetic and could be processed by optical detectors. Neutrons do not carry charge or
ionization capabilities, which makes their detection complicated.
GaN and ZnO has been explored for scintillation applications due to their large
cross-section to interact with neutrons particles, and a high exciton binding energy. GaN is
an effective neutron and gamma detector and its properties could be enhanced with doping
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Gd, In, B, and Li100. GaN detectors have shown scintillation response proportional to the
incident reactor power level.
MOCVD-grown ZnO has been reported to undergo carrier recombination during
scintillation with a rise and decay time of 30 ps and 0.65 ns respectively117. Cu-doped ZnO
grown by a liquid phase epitaxy method on ZnO substrates was also explored for neutron
detection142. A scintillation light yield that is 140% times more than commonly used
BiGeO scintillator was achieved. Cu-doped ZnO films had a decay time of 21500 nm, as
compared to 2300 ns for un-doped ZnO. Photoluminescence spectra, as well as
radioluminescence responses when irradiated with

241

Am 5.5 MeV showed emission at

450-650 nm. These states could be the results of recombination of oxygen vacancy donor
states with deep acceptor-type energy states of Cu2+.
1.5.6. Other Applications. GaN has also been applied in RF propagation,
photonics ad plasmonics, and water splitting.
A high breakdown voltage of over 2000 V, power density of 10.3 W/mm, carrier
concentration in orders over 1019 cm-3, and mobility of more than 1250 cm2/V-s has made
GaN a candidate for high power electronics and RF propagation. GaN could help towards
miniaturization and improve efficiency of high-power devices such as DC-DC converters,
buck and boost converters, transistors, rectifiers, and batteries, and could operate at higher
frequency (over 18 GHz) range100. GaN alloyed with InGaN has been used in water
splitting applications due to its potential for redox reactions and charge separations.
Emission characteristics of GaN could be used in photonics and plasmonics applications
and for tuning light absorption, scattering, and confinement100.
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ZnO has potential applications in flexible electronics considering its tunable
bandgap, exceptional electrical characteristics, physical flexibility, transparency, biocompatibility and low temperature synthesis208–210. ZnO (grown by sputtering) based thin
film transistors (TFTs) exhibited a field-effect mobility up to 50 cm2V-1s-1, current on/off
ratio in the order of 106, threshold voltage of ~0 V, and sub-threshold slope of 3 V/decade
211

. ZnO based TFTs could have a threshold voltage up to 5.4 V208. These characteristics

could be enhanced by alloying ZnO with indium212. Field-effect properties of ZnO were
also improved through the formation of heterostructures such as ZnO/ZnMgO with a twodimensional electron gas at the interface, resulting in a mobility up to 9.1 cm2V-1s-1, current
on/off ratio up to 108, turn on voltage of -2.75 V, and a sub-threshold slope of 0.78
V/decade

105,213

. The non-linear current-voltage characteristics (turn-on voltage,

breakdown voltage, current-voltage slope) of ZnO ceramics are also utilized to build
varistors214–216.
ZnO could be used in gas sensing, pharmaceuticals, cosmetics, and textile
industries103,217–219. ZnO nanostructures are permeable, block UV-radiation, and can be
used as textile coating materials. Antibacterial and disinfecting properties of ZnO make it
a component of medicines, creams, medication to heal wounds, dental pastes, and dietary
supplements103,219–221. ZnO nanoparticles could be incorporated in food packaging material
to inhibit the growth of microorganisms on the food surface217. ZnO nanoparticles are also
explored for antitumor activities, antidiabetic activities, therapies for lung cancer, gastric
cancer, hepatocarcinoma, cervical cancer, ovarian cancer, breast cancer, colon cancer,
leukemia, functionalizing nano-elements and carriers to target cancer cells, and biomedical
imaging217,222–226.
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1.6. SPINTRONICS AND COMPOUND SEMICONDUCTORS SUMMARY
Spintronics, photovoltaics, compound semiconductors, gallium nitride, and zinc
oxide are introduced in this section. GaN and ZnO have potential applications in various
areas of electronics and energy harvesting such as spintronics, photovoltaics,
thermoelectrics, neutron detection, light emitting diodes, power electronics, flexible
electronics, and bio-medicine.
Spintronics could be an enabling technology for the next generation of computing
such as quantum information, neuromorphic computing, and artificial intelligence.
Spintronics could result in high speed miniaturized devices with a low power consumption.
However, a major challenge in spintronics is that materials show spin functionality at low
temperatures, and the root causes for room temperature spin properties are not clear. Dilute
magnetic semiconductor GaN doped with Gd has shown ferromagnetism at RT, but the
underlying mechanism is not completely understood. It is imperative to understand the
mechanism of spin functionalities to be able to control and manipulate it at RT and help
towards the development of spintronic devices and applications.
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2. GADOLINIUM-DOPED GALLIUM NITRIDE FOR ROOM TEMPERATURE
SPINTRONICS

2.1. GADOLINIUM-DOPED GALLIUM NITRIDE
Dilute magnetic semiconductors (DMS) are interesting materials for spintronic
applications due to an integration of magnetic, electrical and optical properties, and their
functioning based on exchange mechanisms227–230. Magnetic elements could be doped in
non-magnetic semiconductors in dilute amounts so that the resulting material shows
magnetic and semiconductor properties, that is necessary for spintronic applications157,231–
233

. Alternative spin injection structures consisting of stacked magnetic and semiconductor

films encounter challenges of interface-related defects, mismatches in electrical and optical
properties, and scattering, which are reduced in DMS. Interactions of a doped transition
metal or rare earth element with the host material and resulting properties depend on the
exchange interaction mechanism234–237.
The most straight-forward but less likely mechanism is a direct exchange between
dopant carriers or atoms that have in-phase wave functions. These atoms could have their
spins aligned in a parallel or anti-parallel orientation resulting in a net magnetic moment.
Indirect exchange mechanisms are more common as dopant atoms typically do not have
sufficiently overlapping wavefunctions. In carrier-mediated mechanism, ferromagnetism
is rendered by the interaction of carriers from the dopant with the host material. d- or forbitals of a transition metal or rare earth element could interact with the s and p-orbitals
of host material, resulting in ferromagnetism. Double exchange mechanism involves
interaction of dopant-related carriers from d- or f- orbitals through the host material’s porbitals. Super-exchange mechanism is the transfer of spin-polarized electrons between
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magnetic elements in semiconductors through anions or cations such as group III-material
vacancies in III-V semiconductors. Some of these exchange mechanisms are illustrated in
Figure 2.1. Crystal defects and vacancies, interstitials, and unintended doping could also
result in ferromagnetism in DMS. Carrier-mediated is a preferable mechanism in DMS as
the ferromagnetism could be better controlled with the carrier concentration and the
mobility, and the nature (p-type or n-type) of the host material.

Figure 2.1 Indirect exchange mechanisms in dilute magnetic semiconductors238.

Theoretical modeling based on Zener model have shown predictions of
ferromagnetism in semiconductors doped with transition metal Mn and with carrier
concentration of 3.5 x 1020 holes/cm3, as shown in Figure 2.257. Commonly used
semiconductors such as silicon and gallium arsenide have a Curie Temperature (TC) below
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room temperature. For practical and commercial applications such as quantum computing,
it is necessary to investigate semiconductors that could show ferromagnetic properties at
room temperature (RT). Gallium nitride (GaN) and zinc oxide (ZnO) showed a potential
for room temperature ferromagnetism. GaN and ZnO have smaller lattice constants, which
is conducive for spin-related interactions between the dopant and the host material175,239–
247

. High quality growth of p-type zinc oxide is still a challenge considering the existence

of n-type native defects in ZnO248,249. On the other hand, GaN could be doped to be both
p-type or n-type and could be a candidate for room temperature spintronic applications166.

Figure 2.2 Computed Curie Temperature of dilute magnetic semiconductors (Mn as a
transition metal dopant)57.
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Gallium nitride doped with Mn showed ferromagnetism at room temperature. The
ferromagnetism increased with an increase with Mn doping, and the samples were highly
resistive. The effect of co-doping (at a lower temperature) is shown in Figure 2.3247.

Figure 2.3 Magnetization response of GaMnN:Si at 5 K and effect of Si-codoping, and
transmission spectra of GaMnN and GaMnN at 293 K247.

41
The ferromagnetic signal reduced with silicon doping, and with annealing. A broad
absorption band was detected at ~1.5 eV in GaMnN which is due to the interstate transitions
of Mn ions229. The peak broadened and increased in intensity with an increase in Mn
content. Such an absorption dip was not seen in Si-codoped GaMnN or un-doped GaN. Sicodoping increases the free carrier concentration and results in a shift of the Fermi level
towards the conduction band and could compensate the acceptor-like impurities states
introduced by Mn-doping that are responsible for the ferromagnetism230,245,247. This
pointed towards a ferromagnetism in GaMnN mediated by deep impurity states introduced
by Mn-doping, which lowers the chances for a carrier-mediated mechanism in transitionmetal doped GaN.. A related coordination diagram is shown in Figure 2.4.

Figure 2.4 Energy and configuration coordinate figure of Mn-related transitions in
GaMnN229.
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Rare earth elements have a partially filled f-orbital and a potential to interact with
GaN and render ferromagnetism166,250–252. Gadolinium is an interesting dopant in gallium
nitride due to its partially filled d- and f-orbitals, and hence a potentially large magnetic
moment that could hybridize with carriers in the host compound semiconductor. Density
of states corresponding to Ga, N and Gd (4f) are shown in Figure 2.5253. An exchange or
split of ~4.5 eV is observed between the Gd-4f spin-up and spin-down states. Gd
substituting Ga in GaGdN is isovalent but could introduce magnetism and a spin
polarization. This shows a potential for carrier-related mechanism in GaGdN.

Figure 2.5 Electronic structure density of states of Gd-doped GaN253.

A large magnetic moment was seen in GaGdN grown by molecular beam epitaxy
on silicon carbide substrates, with varying Gd concentrations, as shown in Figure 2.6252.
The ferromagnetic signal reduced upon co-doping showing lesser chances of a carrierrelated mechanism.
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Figure 2.6 Room temperature ferromagnetism in MBE-grown GaGdN252.

Similarly, a magnetic moment was observed in Gd-implanted GaN layers grown on
silicon substrates, as shown in Figure 2.7254. The samples did not show signs of hysteresis,
and the saturation magnetization increased with the implantation dose. Implantation could
also introduce defects (such as Ga vacancies) that result in the paramagnetic behavior in
GaGdN in the presence of Gd atoms.

Figure 2.7 Magnetic characterization of GaN grown by molecular beam epitaxy on
silicon substrates and implanted with Gd254.
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Upon annealing MBE-grown samples implanted with Gd, the ferromagnetism
reduced, and the effect was different in different samples, as seen in Figure 2.8 where the
two plots correspond to samples grown under similar conditions255. Additional X-ray
diffraction peaks were seen upon annealing, which are signs of gallium and nitrogen
interstitial defect states. Such a spin polarization could be the result of a long-range
interaction of the Gd atoms with the GaN host material. The ferromagnetism in GaGdN
synthesized by MBE or implantation seem to be mediated by defects in the GaN structure
but this is not very clear.

Figure 2.8 Effect of annealing on Gd-implanted GaN255.
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In this section, magnetic properties of GaGdN grown by metal-organic chemical
vapor deposition (MOCVD) technique are discussed to get a better understanding for the
mechanism for spin-related properties in GaGdN and its suitability for room temperature
spintronics.

2.2. METAL-ORGANIC CHEMICAL VAPOR DEPOSITION GROWTH OF
GADOLINIUM-DOPED GALLIUM NITRIDE
Metal-organic chemical vapor deposition (MOCVD) is a widely used technique for
the growth of GaN at a laboratory as well as commercial scale for the development of light
emitting diodes, solar cells, photodetectors, and transistors256,257. It involves chemical
reactions of metal-organic sources and hydrides under optimum growth conditions,
resulting in a well-controlled GaN thin film deposition. MOCVD growth sequence consists
of a controlled vaporization of metal-organic precursors, their transport to the reaction
chamber, reaction with a hydride (or similar), surface reactions and adsorption on a
substrate, and desorption and exhaust of by-products. Figure 2.9 provides an illustration of
the growth process. Non-optimum growth conditions could affect the thermodynamics and
kinetics of the growth and result in a reduced adsorption of reactants and surface diffusion,
and a lower growth rate. Maximum growth rate is limited by the free energy and
thermodynamic potential of the system, while it is optimized (towards the lower end) by
the mass transport which is controlled by the growth conditions and precursor flows, and
reaction kinetics. Fluid dynamics depends on the reactor design. Boundary conditions
properly satisfied and a laminar flow is required for the precursors to react in the gas phase
and adsorb on the substrate. A limit on the lower end of an optimum temperature is set by
the kinetics while an upper limit by the thermodynamics of the growth system.
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Figure 2.9 Schematics of metal-organic chemical vapor deposition (MOCVD) process
[from “Chemistry of Electronic Materials” by Andrew R. Barron at
https://cnx.org/contents/EJYWe4UY@9.4:uF0G3M7o@6/Mechanism-of-the-MetalOrganic-Chemical-Vapor-Deposition-of-Gallium-Arsenide (04-16-2020), adapted from
K. F. Jensen and W. Kern, in Thin Film Processes II, Eds. J. L. Vossen and W. Kern,
Academic Press, New York (1991)].

Figure 2.10 shows the MOCVD system that was used to Gd-doped GaN. It is a
vertical configuration based rotating disk reactor with temperature capabilities up to 1200
o

C.
Trimethyl gallium (TMGa) was used as a gallium precursor. Two Gd precursors

were used – Tris(2, 2, 6, 6 – tetramethyl-3, 5 – heptanedionato) gadolinium ((TMHD)3Gd)
and tris(cyclopentadienyl) gadonlinium

(Cp3Gd). The major difference is in the

composition of the Gd precursors as seen in Figure 2.11; (TMHD)3Gd contains oxygen in
its organic ligand while Cp3Gd does not contain oxygen.
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Figure 2.10 Metal-organic chemical vapor deposition (MOCVD) tool used for the growth
of GaGdN

Silane and bis(cyclopentadienyl) magnesium (Cp2Mg) were used as Si and Mg
precursors for n-type and p-type doping respectively. Ammonia was a nitrogen source.
Ammonia also helps to restrict decomposition of deposited films. Sapphire was used as a
substrate considering a crystal structure match with GaN, thermal expansion coefficient,
good crystal quality, low cost, and stability at high temperature and pressure. Using
optically transparent sapphire as a substrate also provides opportunities to stack other

C
P
2
M
N
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lattice matched thin films such as AlGaN, ZnO, InGaN on GaN and apply it as a dual-sided
photodetector or absorber.

Figure 2.11 Chemical formulas of gadolinium precursors – (TMHD)3Gd and Cp3Gd
[Figures from Millipore Sigma website (04-16-2020)].

The growth process consists of a GaGdN layer deposition on sapphire with buffer
layers. The substrate is baked or pre-heated to 1000 oC and exposed to ammonia for 3-10
minutes to improve the overall quality and reduce defects in the resulting thin films
deposition. A buffer layer is grown at a low temperature (500 oC) for about 3 minutes to
enhance the growth and create low energy centers with the desired crystal orientation and
smoothness. The buffer layer is crystallized by increasing the chamber temperature to 1000
o

C in an ammonia environment, which also relatively expands and roughens the GaN buffer

layer. As the nucleation centers coalesce at the high temperature, growth of a 2 µm GaN
layer is performed at 1050 oC. A V/III ratio of 2000-3000 is used to ensure cracking of
NH3 sufficient nitrogen. A GaGdN layer of 500 nm thickness is then grown on the buffer
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layers. A summary of the growth process and a schematic of the deposited thin films
structure is shown in Figure 2.11.

Figure 2.12 Summary of GaGdN MOCVD growth process and schematic of the
deposited structure238.

As-grown GaN and GaGdN films are typically n-type, hence p-type doping requires
a post-growth annealing step at 800 oC for 4 mins in N2 environment, to active the Mg
acceptors.
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2.3. STRUCTURAL PROPERTIES OF GADOLINIUM-DOPED GALLIUM
NITRIDE
Structural properties of GaGdN were studied using X-ray diffraction (XRD) and
energy-dispersive X-ray spectroscopy (EDS) techniques258–261. GaGdN from both the Gd
precursors showed a good crystal quality and a crystal orientation in the (002) direction, as
shown in Figure 2.12.

Figure 2.13 XRD of MOCVD-grown GaGdN from (TMHD)3Gd precursor over a wide
and short range, and GaGdN from Cp3Gd precursor over a short range262.
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In GaGdN grown from (TMHD)3Gd, a peak shift towards higher 2 with an
increase in the Gd content was observed. On the other hand, GaGdN from Cp3Gd precursor
showed a nearly consistent peak position with Gd incorporation. A peak shift towards
higher diffraction angles indicates a reduction in lattice size of GaN with Gd precursor’s
flow. As seen in Figure 2.11, using a (TMHD)3Gd precursor could result in oxygen
incorporation in GaGdN which is not a possibility in GaGdN from Cp3Gd. Oxygen has
atomic radius lower than nitrogen (as well as Ga) and could result in a reduced lattice size
upon being incorporated in GaGdN. This was also reflected in EDS measurement as shown
in Table 2.1. GaGdN from (TMHD)3Gd source showed oxygen content while no oxygen
is detected in GaGdN from Cp3Gd source.

Table 2.1 Energy-dispersive X-ray scattering spectroscopy results of GaGdN samples
grown by MOCVD238
Precursor flow

Ga%

N%

Gd%

O%

TMHD3Gd, 10 sccm

44.46

44.41

0.06

1.18

TMHD3Gd, 40 sccm

49.07

48.46

0.01

0.88

TMHD3Gd, 80 sccm

47.74

48.61

0.01

1.55

Cp3Gd, 10 sccm

46.51

47.03

0.35

0.00

Cp3Gd, 80 sccm

46.33

46.37

0.34

0.00

Cp3Gd, 160 sccm

47.48

46.34

0.53

0.00

Williamson-Hall plot analysis was done for GaGdN grown from both the Gd
precursors, as shown in Figures 2.14 and 2.15. Vertical correlation lengths and strain
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factors could be determined from wide range 2- scans, so corresponding (002), (004),
and (006) corresponding to GaN-based materials are detected.
The FWHM in 2- scans represent the size broadening 2-− and is related to
the incident X-ray wavelength λ, vertical correlation length L||, and diffraction angle  by
Equation (1), where A is a constant263–265.
λ

β2θ−ω−1 = A L

(1)

II cos(θ)

Peak broadening 2-− due to strain is given by Equation (2), where ε represents
a strain distribution, and B is a constant
β2θ−ω−2 = B ε tan(θ)

(2)

Total FWHM is a summation of 2-− and 2-− (considering a relatively
negligible instrument-related broadening) as shown in Equations (4) and (5).
β2θ−ω = β2θ−ω−1 + β2θ−ω−2
β2θ−ω = A L

λ

II

cos(θ)

+ B ε tan(θ)

(3)
(4)

Multiplying throughout by cos(θ)/λ and rearranging, results in Equation (5).
β2θ−ω cos(θ)
λ

1

= AL +
II

B ε sin(θ)
λ

(5)

Equation (5) looks like a straight line equation, and by plotting (sin(θ))/λ on the xaxis, and β2θ-ωcos(θ)/λ on the y-axis, an intercept on the y-axis gives an inverse of the
vertical correlation length and intercept on x-axis gives the strain component.
Such Williamson-Hall analysis of GaN and GaGdN samples was performed as
shown in Figure 2.13. A vertical correlation length of 64-82 nm and a strain component of
1.9-3.4x10-4 were obtained, and crystal quality of GaGdN samples was comparable to undoped GaN.
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Figure 2.14 Williamson-Hall plot analysis of MOCVD-grown un-doped GaN, and Gddoped GaN from (TMHD)3Gd and Cp3Gd precursors to determine vertical correlation
lengths and strain.

Horizontal correlation lengths were determined by measuring ω-rocking curves for
(002), (004), and (006) peaks, and plotting βω-RC/λ vs (sin(θ))/λ), as shown in Figure 2.14.
The y-axis intercept gives inverse of the horizontal correlation length, and x-intercept gives
tilt angle. A horizontal correlation length of 638-1790 nm and tilt angle of 8.7-11.1 arcmin
were calculated. The FWHM of the peaks ranged from 430 to 690 arcsec. The measured
crystal properties of GaN and GaGdN were similar.
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Figure 2.15 Williamson-Hall plot analysis of MOCVD-grown un-doped GaN, and Gddoped GaN from (TMHD)3Gd and Cp3Gd precursors to determine horizontal correlation
lengths and tilt angles.

2.4. MAGNETIC PROPERTIES OF GADOLINIUM-DOPED GALLIUM
NITRIDE
Magnetic properties of GaGdN grown by MOCVD were measured at RT using
vibrating sample magnetometer (VSM)230, as seen in Figure 2.16. A shift from a
diamagnetic to ferromagnetic behavior was seen with Gd doping in GaGdN from
(TMHD)3Gd source. GaGdN samples from Cp3Gd precursor did not show signs of

55
ferromagnetism. Based on the basic difference between the two Gd precursors, it seems
that oxygen incorporation helped in mediating the ferromagnetism, but this is not clear.

Figure 2.16 Magnetic properties of MOCVD-grown GaGdN grown from two Gd
precursors – (TMHD)3Gd and Cp3Gd230.

GaN-based materials need to be typically doped with silicon and magnesium to
induce n-type and p-type conductivity respectively, and GaGdN doped with Si and Mg
both showed ferromagnetism166. The magnetization increased with the co-doping
systematically as shown in Figure 2.17.
Spin light emitting diodes (SpinLEDs) were fabricated to understand the magnetic
properties of MOCVD-grown GaGdN, as seen in Figure 2.18238. A GaN based LED
showed lower turn-on voltage and resistance as compared to the GaGdN-based LED, due
to a higher resistance of GaGdN as compared to GaN. Electroluminescence measurement
of GaGdN spinLED showed variation in the polarization of light emission with applied
magnetic field. GaN LED did not show differences in the light emission polarization with
magnetic field. The difference between right and left circularly polarized light was
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calculated and plotted as shown in Figure 2.18. Spin polarization up to 14.6% was
observed, with a remnant polarization at 0 Gauss. The sign of the spin polarization stayed
constant under different directions of the magnetic field.

Figure 2.17 Room temperature magnetic characterization of GaGdN from (TMHD)3Gd
precursor with Si and Mg co-doping166.

2.5. ELECTRICAL CHARACTERIZATION OF GADOLINIUM-DOPED
GALLIUM NITRIDE
Electrical characterization of MOCVD-grown GaGdN and reference GaN samples
was performed using Hall effect measurement in a Van der Pauw geometry266,267.
Longitudinal 4-point resistivity (ρ4pt) of the samples was measured in a configuration as
shown in Figure 2.18.
A standard resistivity calculation equation is shown in Equation (6), where ρxx is
the sample’s resistivity, and other resistances in the equation correspond to the applied
currents and measured voltages along the sample’s edges as shown in Figure 2.19.
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Figure 2.18 MOCVD-grown GaN and GaGdN Spin-light emitting diodes schematics and
characteristics – Current-voltage, and spin polarization238.
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Figure 2.19 Van der Pauw geometry configuration to measure resistivity of MOCVDgrown GaGdN and reference GaN samples. [From “ Hall Effect Measurements”, NIST
website, https://www.nist.gov/pml/nanoscale-device-characterization-division/popularlinks/hall-effect (06-06-2020)]
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Resistivity of un-doped GaN samples ranged from 8 to 283 mΩ-cm. Resistivty of
GaGdN from (TMHD)3Gd and Cp3Gd sources were 190-3240 mΩ-cm and 20-90 mΩ-cm
respectively. A high resistivity was observed in GaGdN samples grown using (TMHD)3Gd
precursor, possibly due to additional energy states introduced by components such as
oxygen from the precursor.
Carrier concentration and mobility of GaGdN and reference GaN samples was
measured using Hall Effect. Upon application of a perpendicular current i or electric field
E and perpendicular magnetic field Hz, charge carriers q in the thin films start traveling
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along curved paths (unlike straight lines under no magnetic field), as shown in Figure 2.20,
resulting in a Hall voltage perpendicular to the applied current and magnetic field.

Figure 2.20 Hall Effect measurement schematic with an applied current i and magnetic
field Hz and measured voltage VH.

The force on the charge carriers F, is given by Equation (7), where B=H z in this
section, and v is the charge carrier velocity.
F = qE + q v x B

(7)

Hall resistances were measured in a configuration shown in Figure 2.21. Hall
voltages were measured across both diagonal directions in positive and negative directions
of applied magnetic field and current both, and then processed to determine the carrier
density and mobility.
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The carrier density and mobility can also be determined using Equations (8) and
(9) respectively.

Figure 2.21 Hall Effect measurement configuration. [From “ Hall Effect Measurements”,
NIST website, https://www.nist.gov/pml/nanoscale-device-characterizationdivision/popular-links/hall-effect (06-06-2020)].

ns =

iB
qVH

µ = qn

t

1
s Rxx

(8)

(9)

Carrier density and mobility characterization of MOCVD-grown and n-type
GaGdN and reference GaN samples is shown in Figure 2.22. A constant reference thickness
was considered for comparison, as the samples were grown under similar conditions. GaN,
and GaGdN from Cp3Gd showed high carrier concentration and mobility as expected. On
the other hand, GaGdN samples from (TMHD)3Gd source showed a low carrier
concentration and mobility. This, accompanied with a high resistivity in GaGdN from
(TMHD)3Gd source shows signs of deep level acceptor states incorporated in GaGdN, that
compensate the n-type conductivity.
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Figure 2.22 Mobility and carrier density of MOCVD-grown GaGdN and reference GaN.

2.6. ANOMALOUS HALL EFFECT CHARACTERIZATION OF GADOLINIUMDOPED GALLIUM NITRIDE
Anomalous Hall Effect characterization of GaGdN is discussed in this sub-section.
2.6.1. Hall Effect. Hall Effect has been discussed in the previous Section 2.5 in
the context of electrical characterization. Hall effect also provides information of the
magnetic properties of thin films materials. As seen in Equations (7), (8), and (9), the Hall
voltage is a function of magnetic field across the sample. For typical samples (that not have
ferromagnetism), the Hall resistivity response as shown in Figure 2.23 is observed. Hall
resistivity (ρHall) changes linearly with the applied magnetic field with negative and positive
slopes for n-type and p-type materials respectively.
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Figure 2.23 Typical Hall Effect response268.

2.6.2. Anomalous Hall Effect. Anomalous Hall effect (AHE), also called as
extraordinary Hall Effect (EHE) is a phenomenon observed in ferromagnetic materials
wherein the Hall voltage shows anomaly in its typical linear trend with magnetic field. In
case of ferromagnetic materials, the change in Hall voltage with variation in magnetic field
is linear at high fields, but this becomes anomalous especially at some ranges of fields269–
272

. Usually at lower fields, the Hall voltage and resistivity could be a superposition of the

materials’ properties and the applied magnetic field.
Magnetization measurement typically include effects of defects in the substrates,
clusters, and parameters that could not be directly related to a thin film. In ferromagnetic
materials, the total magnetic field in the material is the result of the applied field and the
magnetization in the material. At applied fields comparable to the magnetization of the
material in Hall Effect analysis, the hall resistivity (ρxy) is not linear with the applied field
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which results in AHE. Analyzing AHE in materials helps towards qualitatively determining
the mechanism that is responsible for their magnetic behavior.
In AHE, the Hall resistivity consists of two components, the ordinary Hall
component that is dominant at high fields and the anomalous Hall component that
contributes to Hall resistivity at least at lower fields269–272. Conventionally, relation
between the Hall resistivity and sample’s resistivity provides information about
mechanisms for magnetic properties in the material. In intrinsic mechanism, the Hall
resistivity is proportional to the square of the longitudinal resistivity. Intrinsic mechanism
is based on the band structure which is a characteristic of the material and wherein an
anomalous velocity is added to the group velocity of the carriers under an applied magnetic
field and current, and the net sum of these anomalous velocities could be non-zero when
applied magnetic field is removed. Extrinsic mechanism could be based on carrier
scattering and impurities in the material that induce magnetic properties. In skew
scattering, asymmetric scattering of carriers from impurities such as spin waves or phonons
or crystal disorders in the material causes spin-orbit interaction and results in
ferromagnetism; Hall resistivity is directly proportional to longitudinal resistivity in this
case. In side jump mechanism, anomalous Hall voltage is observed due to the scattering of
carriers from spin-orbit coupled impurities, and the Hall component is proportional to the
square of the longitudinal component of the resistivity. Intrinsic and side-jump mechanisms
could be inter-related and one could result into another, hence separating or distinguishing
these two mechanisms could be complicated. Figure 2.24 gives a broad summary of
mechanisms that could be understood using AHE.
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Figure 2.24 Summary of determination of mechanisms based on relationship between
Hall resistivity and sample’s net resistivity270.

With recent developments and efforts towards better understanding Anomalous
Hall Effect, mechanisms for ferromagnetism have been studied by identifying
contributions to the anomalous Hall conductivity (σAHE)269–272. The dependence of σAHE on
longitudinal conductivity (σxx) is characteristic of different mechanisms as well as
conductivity regime of σxx. Skew scattering dominates in a highly conductivity region (σxx
> 106 ( cm)-1) and the anomalous Hall conductivity varies linearly with the samples’
conductivity. In an intermediate conductivity region (106 > σxx > 104 ( cm)-1), if the
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mechanism is purely intrinsic, the anomalous Hall conductivity is independent of the
samples’ conductivity. A low conductivity region (σxx < 104 ( cm)-1) shows a super-linear
scaling of the anomalous Hall conductivity and the mechanism could be metallic
conduction or hopping. This understanding of AHE, as summarized in Table 2.2 could be
directly applicable to dilute magnetic semiconductor materials which can be tuned to have
conductivity in varying ranges by tuning temperature, carrier concentration or impurities.

Table 2.2 Anomalous Hall Effect mechanisms based on conductivity regimes and
relationships between anomalous Hall conductivity and sample’s net conductivity270.
Conductivity Regime

Relation between
σAHE and σxx

Mechanism for
ferromagnetism

σxx > 106 ( cm)-1

σAHE ∝ σxx

Skew Scattering

σAHE independent of
10 > σxx > 10 ( cm)
6

4

-1

Intrinsic mechanism
σxx

σxx < 104 ( cm)-1

σAHE ∝ σaxx (1.6 < a < 2)

Metallic Conduction / Hopping

Figure 2.25 shows a summary of the mechanisms’ dependence on the conductivity
ranges. At low temperature, skew scattering could be dominating with presence of intrinsic
mechanisms. At low conductivity region, the intrinsic mechanism starts fading and carrierhopping mechanism starts contributing towards the AHE.
AHE in DMS such as GaMnAs and InMnAs is reported to be scatteringindependent251,269,270. AHE at temperatures up to 210 K was seen in ZnMnO grown by
pulsed laser deposition with 26% Mn, and the resulting mechanism was reported to be a
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side jump mechanism with contributions from localized magnetic moments and spin
carriers273. High Mn concentration could result in carrier deflection, a short mean free path,
and oxygen vacancies. Similar mechanism was observed in Mn4N grown by MBE and the
effects of side-jump and intrinsic mechanisms were complicated to be well-separated274.
AHE was also seen in ZnO codoped with Co up to 3.5%, and native defects such as oxygen
vacancies or zinc interstitials seemed to mediate the AHE275. In the case of TiO2, only films
with high carrier concentration showed signs of AHE, which showed the effects of carriers
(and possible compensation of defects states) on the Hall effect results276,277. In MBEgrown InMnP:Zn, a hole-mediated AHE was observed at temperatures below 200 K278.
AHE was observed in Gd-implanted GaN/AlGaN heterostructures grown by MBE, but its
origin and relation to magnetic properties is not clear251. MBE-grown GdN (111) on GaN
(002) showed signs of AHE, but the TC observed was 70 K279.

Figure 2.25 Summary of Anomalous Hall Effect mechanisms based on the conductivity
range of the samples270.
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As discussed in the previous sections, MOCVD-grown GaGdN has shown
structural, magnetic, and electrical properties that could be conducive for RT spintronic
applications. However, the mechanism for the magnetic properties is not clear and needs
more investigation. In the next sub-section, Hall Effect analysis of GaGdN and reference
GaN samples has been performed to achieve an insight into the magnetic properties.
2.6.3. Anomalous Hall Effect Characterization of GaGdN. Hall measurements
were performed on MOCVD-grown GaN and GaGdN samples at RT using Van der Pauw
configuration. Longitudinal resistivity (ρxx) and transverse resistivity (ρxy) were measured
in perpendicular magnetic fields ranging from 0 to ±1.4 T. An MMR-Technologies H5000
controller was used to read and apply current and voltages, and control the magnetic field.
Magnetic fields were swept and applied between +1.4 T and -1.4 T and transverse and
longitudinal voltages were measured228.
Hall effect analysis of three sets of samples was conducted - a.) un-doped GaN, b.)
GaGdN grown using a Cp3Gd precursor and c.) GaGdN grown from a ((TMHD)3Gd)
precursor. Hall measurement of a GaN sample that does not contain Gd is shown in Figure
2.26.
Variation in resistivity with magnetic fields is shown in the ±1000 Gauss region
where the anomalous Hall effect could be better seen even though measurement were taken
over a larger range of fields (up to 1.4 T). The transverse resistivity (ρxy) has linear variation
with applied magnetic field (H) as expected. The change in the measured four-point
resistivity ρ4pt (measured in a direction parallel to the applied current) with H was
negligible relative to the variation in ρxy with H. The field-independent component of ρxy
was subtracted from ρxy to analyze the Hall effect. This sample only showed the ordinary
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Hall effect (OHE) and was not ferromagnetic. GaN samples with range of n-type carrier
density from 2x1017 cm-3 to 5x1018 cm-3 and mobility from 123 cm2V-1s-1 to 193 cm2V-1s-1
were measured and OHE was observed.

3932
4pt
xy

20
0
-20
-40
-1000

3912
3892

Un-doped GaN

-500
0
500
Applied Magnetic Field (Gauss)

3872

Restivity 4pt (µ -cm)

Restivity xy (µ -cm)

40

3852
1000

Figure 2.26 Transverse and longitudinal resistivity of un-doped
GaN228.

The second set of samples consisted of GaGdN grown using a Cp3Gd precursor as
shown in Figure 2.27. These samples showed OHE similar to GaN, and no sign of
ferromagnetism. The samples had n-type carrier concentration in the order of 1017 cm-3
and 1018 cm-3 and mobility from 190 cm2V-1s-1 to 300 cm2V-1s-1.
In the third set of samples, AHE was observed in GaGdN grown using the
((TMHD)3Gd) precursor as seen in Figure 2.28. The behaviour was consistent in several
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samples with range of n-type carrier density from 3 x 1016 cm-3 to 3 x 1017 cm-3 and mobility
from 37 cm2V-1s-1 to 228 cm2V-1s-1.

Figure 2.27 Transverse and longitudinal resistivity of GaGdN from Cp3Gd precursor228.

AHE was only observed in GaGdN grown using a (TMHD)3Gd source and not in
GaGdN grown using Cp3Gd and un-doped GaN. This is in agreement with the relatively
bulk magnetic characterization from vibrating sample magnetometer which showed
ferromagnetism only in GaGdN from (TMHD)3Gd source but not in GaGdN from Cp3Gd.
2.6.4. Mechanism for Anomalous Hall Effect in GaGdN. Proceeding towards
determining the mechanism, early theories were based on relation between ρ xy and
longitudinal resistivity (ρxx). As per recent exploration of experimental and theoretical
models, responsible mechanisms can be identified by finding relationship between
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anomalous Hall conductivity (σAHE) and longitudinal conductivity (σxx), as discussed in
Section 2.6.2.
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Figure 2.28 Transverse and longitudinal resistivity of MOCVD-grown GaGdN from
(TMHD)3Gd precursor228.

The measured value of ρxy is convolution of both the anomalous Hall component (ρAHE)
and ordinary Hall component. The OHE and AHE components need to be separated to
explicitly study the AHE. The ordinary Hall coefficient (Ro) can be determined by
calculating the slope of ρxy versus H at high magnetic fields, typically over 0.5 T. The
anomalous Hall component (ρAHE = RAHEM) was calculated as shown in Equation (10),
R AHE M = ρxy − R o

(10)

where RAHE is the anomalous Hall coefficient and M is the magnetization in the sample
which should saturate at high fields for perfectly ferromagnetic materials. ρAHE is plotted
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in Figure 2.29 (for the best GaGdN from (TMHD)3Gd sample) which can be seen to follow
an S-shape, similar to that usually observed in bulk magnetization measurements.

Figure 2.29 Transverse resistivity of GaGdN from (TMHD)3Gd source processed to
determine the anomalous Hall component228.

The potential mechanism for the observed ferromagnetism in GaGdN is further
investigated. σAHE and σxx were calculated using Equation (11) and relationship between
them at 1 T was determined269–272.
σAHE = (ρ2

ρAHE

2
xx + ρAHE )

,

σxx = (ρ2

ρxx

2
xx + ρAHE )

(11)

It was found that σAHE increased compared to σxx at a rate that was superlinear. On
fitting, a relation σAHE ∝ σ1.78
xx was found, Figure 2.30. The exponent with value between
1.6 and 1.8 is typically observed in ferromagnetic materials in the low conductive regime
which would be expected for wideband gap semiconductor materials such as GaN.
The observation of ferromagnetism in semi-conducting GaGdN and the scaling of
σAHE with σxx indicates the mechanism for the ferromagnetism is scattering-independent.
The potential mechanisms for this type of behavior are metallic conduction or localized
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hopping and partially intrinsic; the intrinsic mechanism dampens as the conductivity range
reduces as shown in Figure 2.24. These mechanisms are based on the interaction and flow
of carriers that result in spin-polarization in the material. The metallic conduction and/or
hopping of carriers may depend on the localized states near the Fermi level of GaGdN that
are introduced by oxygen interstitials from the Gd precursor. Theoretical calculations
indicate that Gd atoms in GaGdN interact to exhibit ferromagnetic behavior in the presence
of a split-interstitial oxygen with a total energy difference of over 100 meV.

Figure 2.30 Relationship between Anomalous Hall conductivity and longitudinal
conductivity for MOCVD-grown GaGdN from (TMHD)3Gd precursor228.

2.7. MECHANISM FOR SPIN PROPERTIES OF GADOLINIUM-DOPED
GALLIUM NITRIDE
Anomalous Hall Effect characterization showed the mechanism in GaGdN thin
films grown by MOCVD to be a combination of carrier-hopping, metallic conduction, and
intrinsic mechanisms. Bulk magnetization measurement showed a scaling of magnetization
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with co-doping and with the carrier density. AHE and ferromagnetism at RT show that
GaGdN grown by MOCVD could have a free-carrier related spin mechanism conducive
for RT spintronic applications.
However, AHE and ferromagnetism were only observed in GaGdN grown using a
(TMHD)3Gd source and not in GaGdN grown using Cp3Gd and un-doped GaN. This could
be attributed to the presence of oxygen in GaGdN from (TMHD)3Gd, that is not seen in
Cp3Gd. XRD and EDS measurement indicated that only GaGdN from (TMHD)3Gd contain
oxygen. Electrical characterization showed that GaGdN from (TMHD3Gd precursor has a
high resistivity and a lower carrier density, which points towards the existence of deep
level acceptor states from oxygen.
Density functional theory calculations show that oxygen interstitials introduce
localized states close to the Fermi level of GaGdN which couples with the partially filled
states of the dopant to render ferromagnetism that can be observed at RT280. Strong p-d
and/or p-f coupling could exist between oxygen interstitials and Gd in the host GaN
material, resulting in the spin-related properties.
In summary, Gadolinium-doped gallium nitride (GaGdN) grown by MOCVD was
explored in this section and spin-related properties were studied. GaGdN was grown using
two precursors - (TMHD3Gd that contains oxygen in its organic ligand, and Cp3Gd that
does not contain oxygen. GaGdN from (TMHD)3Gd showed clear signs of ferromagnetism
and anomalous Hall effect at RT, mediated by metallic conduction, carrier-hopping and
partly intrinsic mechanisms which points towards a free carrier-mediated mechanism, and
makes GaGdN an interesting material for RT spintronics.
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Un-doped GaN and GaGdN from Cp3Gd showed Ordinary Hall Effect and no signs
of ferromagnetism, which shows a contribution of oxygen in GaGdN from (TMHD)3Gd.
The presence of oxygen and related deep acceptor or interstitial states seem play a
significant role in GaGdN, but this is not clear and needs further investigation to precisely
understand the mechanism for spin-related properties of GaGdN at RT.
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3. ROLE OF OXYGEN AND CARBON IN GADOLINIUM-DOPED GALLIUM
NITRIDE FOR SPINTRONICS

3.1. SPIN-RELATED ELEMENTS IN GaGdN
Gallium nitride doped with gadolinium has been a candidate material for spintronic
applications at RT mainly due to its lattice size which enables exchange interactions
between the carriers of spin-related energy states more than spin-orbit couplings, and
experimental results showing RT ferromagnetism. Colossal magnetic moments were
reported in Gd-doped GaN (GaGdN) grown by molecular beam epitaxy (MBE), but the
mechanism for ferromagnetism seems to stem from defects and vacancies and not carriers
as the ferromagnetism reduced with co-doping and enhanced with implantation. GaGdN
grown by metal-organic chemical vapor deposition (MOCVD) also showed RT
ferromagnetism which enhanced with co-doping. The mechanism for the ferromagnetism
is based on intrinsic mechanisms and combinations of carrier hopping and metallic
conduction which involves interactions of carriers in GaGdN and is a conducive underlying
mechanism for spintronic applications.
MOCVD-grown GaGdN exhibited RT ferromagnetism and Anomalous Hall Effect
(AHE) only when grown using a (TMHD)3Gd precursor. (TMHD)3Gd precursor contains
oxygen in its organic ligand. GaGdN from Cp3Gd precursor which does not contain oxygen
showed Ordinary Hall Effect (OHE). In the latter case, ferromagnetism was not observed
even in the presence of Gd atoms in GaN. Oxygen from the (TMHD)3Gd precursor could
be incorporated in the GaGdN structure and could play a role in rendering ferromagnetism.
These results are summarized are in Figure 3.1. Also, GaGdN from (TMHD)3Gd precursor
had smaller lattice sizes with at high Gd source flows and presence of O while GaGdN
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from Cp3Gd did not exhibit systematic changes in lattice sizes and did not show any O
content. GaGdN from (TMHD)3Gd was resistive with a lower carrier concentration as
compared to GaGdN from Cp3Gd precursor.

Figure 3.1 Summary of magnetic measurement results of MOCVD-grown GaGdN and
chemical composition of the two Gd precursors (TMHD)3Gd and Cp3Gd that were
used228,238 [(TMHD)3Gd and Cp3Gd precursors’ chemical composition figures from
Millipore Sigma website (04-16-2020)].
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X-ray magnetic circular dichroism (XMCD) measurement of MBE-grown GaGdN
on SiC showed a very small signal for Gd and discrepancies as compared to measurement
of GaGdN from superconductive quantum interference device measurements (SQUID)281.
XMCD signal from Gd is significantly smaller than SQUID measurement of GaGdN, as
seen in Figure 3.2.

Figure 3.2 X-ray magnetic circular dichroism (XMCD) at Gd and superconducting
quantum interference device (SQUID) measurement of MBE-grown GaGdN on SiC281.
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Thermally simulated current spectroscopy (TSC) performed on Gd-doped GaN
grown by MBE on SiC substrates showed a reduction in O- and Gd-related defect states
upon annealing282. Figure 3.3 illustrates the TSC response where TSC-1 is attributed to
oxygen donors (or related states), TSC-2 to Gd-related defects, and TSC-D is a peak from
signal resulting from difference of TSCs of as-grown GaGdN and annealed sample.
Reduction in O- and Gd-states upon annealing reduced the magnetization in the sample.

Figure 3.3 Thermally simulated current spectroscopy profile of MBE-grown GaGdN282.

Gd does not induce ferromagnetism in GaGdN but acts as an activating element in
the presence of the host GaN. This points towards the importance of the role of other
possible constituent elements of GaGdN in the magnetic properties282.
In oxygen and gadolinium-implanted GaN samples, superparamagnetism was
observed251. GaN grown by MOCVD and implanted with Gd showed no net magnetization.
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Even upon oxygen implantation, no magnetization was seen but after annealing, the oxygen
and gadolinium-implanted GaN showed superparamagnetism. Annealing helps the oxygen
and gadolinium to settle in the most favorable energy site in GaGdN and also removes any
hydrogen if present. The annealing was performed on Gd and O- implanted GaGdN, so it
is not clear if the resulting magnetic behavior was due to the relaxation of defects due to
Gd- implantation or O-implantation or activation of Gd or O or other rmechanisms.
Calculations based on local spin density functional calculations with Coulomb
interactions dependent on orbital show that spin-splitting takes place in the presence of
oxygen-related defect states242 . Corresponding density of states are shown in Figure 3.4.

Figure 3.4 Total density of states in GaGdN and partial density of states related to oxygen
interstitial site242.

80
Calculations performed using a Vienna ab-initio simulation package show that
distance between Gd and O interstitial could be 2.25 Å in the case of an octahedral O
interstitial site and 6.67 Å in tetrahedral O interstitial site.283. Corresponding total and
partial density of states are shown in Figure 3.5. p-orbitals related to tetrahedral O
interstitial shift Fermi level above the valence band maximum, while octahedral O
interstitials results in a spin-splitting and ferromagnetism.

Figure 3.5 Total and partial density of states of GaGdN with O interstitial incorporation
at octahedral and tetrahedral sites283.
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Spin-up states are in minority and located near and within the conduction band
while spin-down states are located towards the valence band and are typically filled242. The
spin splitting is a result of oxygen interstitials and 2p orbitals. These O-related states are
localized and can results in a long-range ferromagnetic interaction with Gd atoms. O
substituting N could also have lower energy by migrating to interstitial sites in GaGdN.
Density functional theory calculations based on a Vienna ab initio simulation
package and local density approximations was performed to understand the role of splitinterstitial and channel center sites introduced by O in GaGdN280. Band structure of Orelated split-interstitial sites in GaGdN is shown in Figure 3.6.

Figure 3.6 Band structural of oxygen split interstitial sites in GaGdN280.
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Partially filled f and d orbitals of Gd are far from the Fermi level and hence cannot
render ferromagnetism in the absence of O; O introduces localized energy states near the
Fermi level in GaGdN and results in the ferromagnetism. 4f and 5d energy states from Gd
split into threefold and singlet states and overlap with the 2p orbitals of O, as shown in
Figure 3.7280. Formation energy of O-induced split-interstitial sites that result in a coupling
of the O-2p orbitals with Gd-5d/4f orbitals is positive and about 113 meV. The relative
position of O-related energy states could vary as per the 5d and 4f orbitals of Gd but could
still couple to render ferromagnetism.

Figure 3.7 Projected density of states of 4f and 5d orbitals of Gd, and 2p orbitals of O in
GaGdN280.
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Similar to oxygen, a group IV element carbon could also play a role in rendering
magnetic properties in GaGdN100,284–286. Spin polarized density functional theory was used
to understand the substitution of Ga and N sites by C in GaGdN nanowires, as seen in
Figure 3.8250. Ferromagnetism could occur only when C and Gd atoms are close to each
other. Curie temperature (TC) of 436.8K was calculated for configuration (a). A band
structure of GaGdN doped with C is shown in Figure 3.8 wherein localized energy states
are introduced by C within the bandgap of GaGdN250.

Figure 3.8 Configuration of C-doped GaGdN nanostructures with different locations of C
and Gd atoms in GaGdN, and related band structure (Continuous lines show spin-up and
dashed lines show spin-down energy states)250.

84
A p-d exchange between C and Gd atoms along with Ga vacancy could be
responsible for the theoretical ferromagnetism in C-doped GaGdN as per density functional
theory based on a full-potential linear augmented plane wave method246, and illustrated in
Figure 3.9.

Figure 3.9 Density of states of C, Gd, and Ga246.

Oxygen and carbon could have a role in the magnetic properties of Gd-doped GaN.
As seen in Figure 3.1, RT ferromagnetism and Anomalous Hall Effect based on intrinsic
mechanisms is observed in MOCVD-grown GaGdN. It is imperative to understand the role
of O and C in order to control and manipulate spin-related properties of GaGdN. This is
investigated by doping MOCVD-grown GaGdN from Cp3Gd that initially does not contain
any oxygen, with oxygen or carbon.

85
3.2. ION IMPLANTATION OF OXYGEN AND CARBON IN GaGdN
Ion implantation is an effective technique to controllable introduce O or C in
GaGdN from Cp3Gd that does not contain oxygen or carbon as-grown251,287–293. It involves
bombardment of solid substrates with ions of intended dopants. Table 3.1 reviews some of
the existing works about implantation of O (or similar) in GaN based materials.

Table 3.1 Literature review of O implantation in GaN based materials251,287–292.

Dose
Growth
Technique (cm-2)

Energy Temp
(keV)

(K)

Depth
profile
(nm)

Final
O conc

MOCVD

5e+14

70

(Halogen
CVD)

1e+16

80

MBE

1e+15

40

650

5e13 600 (600) 190-210
5e16

300-970

MOVPE

MOCVD
6.7e+12
(GaGdN)

40

Hydride
VPE

2e+17

80

Unspecified

5e14 to
4e16

150 to
50

100

Anneal Anneal
Anneal
temp
envt
(0C) duration

RT

50-100
RT
(2e-4 Pa)
RT

1e+18

17-165

200

3e19 to
7e21

1050

10-15 s

900

0.5-1 h Ammonia

1000

N2

1h
20 mins
liquid N2
each step
10 mins
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Key parameters in the implantation process are the dopant dose and energy. These
parameters determine the depth and concentration of the dopant. As implantation could
cause lattice-defects due to the ions’ bombardment, a post-implantation annealing is
typically done to recover the lattice structure as well as to activate the dopant as necessary,
as listed in Table 3.1.
Dopants’ dose is calculated so that optimum O or C is implanted in GaGdN to
potentially render magnetic properties. As O content of 1-2% was observed in GaGdN
grown from (TMHD)3Gd precursor that were ferromagnetic and showed Anomalous Hall
Effect, O or C content of 1-2% is intended to be implanted in GaGdN from Cp3Gd which
do not originally contain any O or C. The distribution of implanted dopants is typically
Gaussian, and there is a trade-off between the target concentration and the depth at which
the target concentration is achieved. Hence, a thickness such as sufficient doped area is
available for thin film measurement such as Anomalous Hall Effect, structural
measurement such as X-ray diffraction and other similar measurement should be chosen.
Two approaches for implantation dose calculations were used – (a) based on GaGdN unit
cell volume, and (b) based on Avogadro number. Both calculations are elaborated below
and result in a dose requirement of ~2 x 1016 cm-2.
a. O or C dose calculations based on GaGdN unit cell volume:
•

Thickness of GaGdN where O or C is most implanted (t): 200 nm

•

Unit cell volume of GaN (Vunit_cell) : 46.6 x 10-24 cm3

•

Number of unit cells in 1 cm2 (nunit_cell) = V

•

A unit cell contains 2 Ga and 2 N atoms

•

Number of Ga atoms (nGa) = N atoms (nN) = 2 x nunit_cell = 8.6 x 1017 cm-2

1

unit_cell

x t = ~4.3 x 1017 cm-2
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•

Dose for 1 - 2% O or C in Ga100-xGdxN = 1–2% of (nGa + nN) = ~2 x 1016 cm-2

b. O or C dose calculations based on Avogadro number:
•

Thickness of GaGdN where O or C is most implanted (t): 200 nm

•

Mass of 200 nm thick GaGdN with area of 1 cm2
m = density of GaN x Volume = 6.15 g.cm-3 x t x 1 cm2 = 1.23 x 10-4 g

•

Molecular weight of Ga100-xGdxN ≅ GaN ≅ 84 g (x from 0% to 4%)

•

84 g of GaN contains 6.022 x 1023 atoms of GaN

•

Number of GaN atoms in m gm per cm2 =

•

Dose for 1 - 2% O or C in Ga100-xGdxN = 1-2% of n = ~2 x 1016 cm-2

m x 6.022 x 1023
84

= n = 8.8 x 1017 cm-2

Energy of implantation for O and C were determined and the ion implantation
process was emulated using stopping and range of ions in matter (SRIM) simulation and
results from literature, as seen in Figure 3.10. Implantation energies for O and C for the
same depth profiles are different due to differences in their atomic weights. Implantation
could result in channeling effect wherein the dopants could travel through specific
directions determined by the crystal structure of GaGdN or tubes/ holes in the material.
This could result in changes in the depth profile, hence a tilt angel of ~7-12o was used in
the implantation process. The implantation in this work was performed at Innovion Ion
Implantation Foundry.

3.3. STRUCTURAL STUDY OF OXYGEN AND CARBON-IMPLANTED
GADOLINIUM-DOPED GALLIUM NITRIDE
Structural characterization of O and C-implanted GaGdN was performed using Xray diffraction technique and compared with as-grown GaGdN from Cp3Gd source. Most
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peaks in O- and C-implanted GaGdN overlap with as-grown GaGdN as seen in Figure 3.11.
GaN-related (002), (004), and (006) directions still define the primary crystal orientations
in the material. A GaN (001) peak is observed at a 2θ of ~17o. Other peaks arise from the
c-plane sapphire substrate. The overall crystal structure of GaGdN from Cp3Gd is
maintained and comparable to as-grown GaGdN after O- or C-implantation. Peak
broadening at lower intensities are identified in the diffraction peaks after O- and Cimplantation, which confirm the incorporation of O and C in the lattice structure of GaGdN.
The broadening increases as the crystal planes’ size reduce from (002) to (006).

Figure 3.10 Stopping and range of ions in matter (SRIM) simulation of implantation
parameters of O and C in GaGdN.

X-ray diffraction results of the (002) peaks are illustrated in Figure 3.12. The crystal
quality of O- and C-implanted GaGdN is comparable to as-grown GaGdN from Cp3Gd
source. Both implanted GaGdN show peak shift to higher diffraction angles as a result of
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implantation. The peak shift is larger in O-implanted GaGdN, as O has a smaller covalent
radius than N and C, and could substitute N resulting in a small lattice size. However, C
has a larger covalent radius than both O and N. A peak shift in O- and C-implanted GaGdN
towards higher diffraction angles with the largest shift in O-implanted GaGdN implies that
O and C could occupy other sites such as interstitials along with substitutional sites in
GaGdN upon implantation.

Figure 3.11 Long range 2θ-ω scans of O- and C-implanted GaGdN and comparison with
as-grown GaGdN from Cp3Gd source.

Table 3.2 shows a summary of the X-ray diffraction of measurement of O- and Cimplanted GaGdN samples. The trend of peak shifts is similar as (002) for (004) and (006)
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crystal orientations. The FWHM of O- and C-implanted samples is comparable with asgrown samples. O- and C- implantation did not cause any alteration in the crystal properties
or quality of GaGdN, even though are slight signs of implantation-induced defects as per
peak broadening at lower intensities as seen in the plots with X-ray diffraction intensities
on a log scale.

Figure 3.12 X-ray diffraction 2θ-ω scans of (002) peaks of O- and C-implanted, and asgrown GaGdN with vertical axes on linear and log scales.
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Table 3.2 Summary of X-ray diffraction results of O- and C-implanted GaGdN.

Sample #

(002) 2θ
peak
position
(o)

(002)
peak
FWHM
(arcsec)

(004) 2θ
peak
position
(o)

(004)
peak
FWHM
(arcsec)

(006) 2θ
peak
position
(o)

(006)
peak
FWHM
(arcsec)

GaGdN
as-grown
(Cp3Gd)

34.49

453

72.78

417

125.85

520

GaGdN:O
asimplanted

34.55

432

72.86

408

128.91

545

GaGdN:C
asimplanted

34.51

435

72.81

389

125.87

508

3.4. ANOMALOUS HALL EFFECT CHARACTERIZATION OF OXYGEN AND
CARBON-IMPLANTED GADOLINIUM-DOPED GALLIUM NITRIDE
Magnetic characterization of O- and C-implanted GaGdN was performed using
Anomalous Hall Effect (AHE). AHE is an effective technique to understand the spinrelated properties of thin films and related mechanisms. Effects from defects, interfaces,
and substrates are significantly suppressed so that the mechanism for spin-related
properties of thin films could be studied.
As-grown GaGdN sample from Cp3Gd source that does not contain oxygen or
carbon showed Ordinary Hall Effect (OHE) as seen in Figure 3.13. No signs of spin-related
characteristics are seen even though the sample contains Gd.
Hall Effect characterization of O-implanted GaGdN is shown in Figure 3.14.
Anomaly is observed at lower magnetic fields starting at ~200 Gauss. Oxygen implantation
resulted in AHE, and a slightly noisy signal as compared to as-grown GaGdN without O.
GaGdN:O has a higher resistivity and a high Hall coefficient. Presence of AHE in
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GaGdN:O points to the existence of O interstitials in GaGdN:O which is also apparent
from XRD results. GaGdN:O has a lower carrier concentration of 9.5x1017 cm-3 as
compared to as-grown GaGdN with 3.7x1018 cm-3, which implies introduction of acceptor
type energy bands with O incorporation in GaGdN. Observed results are consistent with
density functional theory calculations that acceptor type oxygen interstitials could render
spin-related properties in GaGdN.

Figure 3.13 Hall Effect analysis of as-grown GaGdN from Cp3Gd source.

Anomalous Hall Effect was observed in C-implanted GaGdN as shown in Figure
3.15. The Hall resistivity shows anomalies at lower fields starting at ~500 Gauss, which
confirm the existence of spin-related carriers in the material and could be related to their
stability or fluctuations. GaGdN:C showed a higher resistivity and lower carrier
concentration as compared to as-grown GaGdN. GaGdN:C has a lesser resistivity and
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higher carrier density than GaGdN:O. Mobility of GaGdN:O and GaGdN:C was higher in
implanted GaGdN. The electrical characterization and Hall Effect-related results of asimplanted GaGdN are shown in Table 3.3.

Figure 3.14 Anomalous Hall Effect in O-implanted GaGdN from Cp3Gd source.

A larger peak shift in XRD measurement, which could be associated with a
combination of substitutional and interstitial sites occupied by the dopant corresponds in a
higher resistivity as per electrical characterization. Oxygen at substitutional sites acts as a
donor, but the carrier concentration in GaGdN reduced upon O-doping. Hence, the
proportion of interstitial O compared to substitutional O is more in GaGdN:O which is in
coherence with density functional theory calculations that the formation energy of O
interstitials could be lesser or comparable to O substitutional sites280,283.
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Figure 3.15 Anomalous Hall Effect in C-implanted GaGdN from Cp3Gd source.

Table 3.3 Electrical and Hall Effect characterization results of O- and C-implanted
GaGdN from Cp3Gd source

Sample

Resistivity
(m-cm)

Density
(cm-3)

Mobility
(cm2V-1s-1)

Hall
coefficient
(cm3C-1)

Comments

GaGdN
(Cp3Gd)

8

3.7 x 1018

213

1.7

OHE

GaGdN:O
as-implanted

22

9.5 x 1017

298

6.6

AHE

GaGdN:C
as-implanted

17

1.4 x 1018

262

4.5

AHE

Similar results are observed in GaGdN:C and energy states introduced by C-doping
resulted in AHE. C plays the role of an acceptor if it substitutes N and would result in an
increase in lattice size based on the covalent radii of C and N. X-ray diffraction results
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show an overall reduction in lattice size of GaGdN:C with respect to as-grown GaGdN.
Even though C reduces the n-type carrier density of GaGdN, the AHE could primarily be
a result of defects or deep energy states introduced by C within the band gap of GaGdN,
and secondarily substitutional sites occupied by C in GaGdN.

3.5. EFFECT OF ANNEALING ON OXYGEN AND CARBON-IMPLANTED
GADOLINIUM-DOPED GALLIUM NITRIDE
Effect of annealing on the structural and spin properties of O- and C-implanted
GaGdN is discussed.
3.5.1. Annealing O- and C-implanted GaGdN. Ion implantation of O and C
results in incorporation of the dopants in GaGdN. However, implantation was performed
at RT, and O and C atoms could migrate to more energetically favorable positions in
GaGdN by applying a high temperature and suitable environment. Also, implantation
results in defects as also evident from slight XRD peak broadening at lower intensities in
implanted GaGdN. Annealing could help to activate or migrate O and C in GaGdN and
also recover from implantation-induced defects.
Temperature and time in an optimum range are required for effective annealing. A
lower temperature or time could result in insufficient activation of atoms in the material,
while higher temperature or time could result in decomposition and formation of secondary
phases294–297. A temperature ~2/3rd of the melting point is typically required for complete
recovery of crystal structure. Considering a melting point of 2500-2800 oC for GaN based
materials of, a temperature of 1600-1800 oC would be suitable for recovering GaGdN from
implantation-related defects294. However, GaGdN could decompose at such a high
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temperature and undergo a change in properties. An equivalent temperature with longer
annealing time could be scaled using Arrhenius equation as stated in Equation 10.
Ea

t 2 = t1 e R

(

1
T2

1
)
T1

−

(12)

where, T1 and t1 are reference temperature and times respectively (T1 and t1 are considered
as 1800 oC and 15 sec respectively), T2 is the applied annealing temperature, t2 is activation
time with a temperature of T2, Ea is activation energy of dopant (113 meV for O in
GaGdN280), and R is the Universal gas constant (86.16 µeV). Curve corresponding to
Arrehenius equation is plotted in Figure 3.16. Literature review regarding of O-implanted
GaN is provided in Table 3.1. For MOCVD-grown GaN, temperatures of 800-900 oC for
4-5 mins have resulted in successful activation of dopants.

Figure 3.16 Annealing time and temperature for O- and C-implanted GaGdN.
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Taking into account previous results of MOCVD-grown GaN, literature review,
and Arrhenius relation, O- and C-implanted GaGdN were rapid thermally annealed at 1200
o

C for 2 mins in N2 environment. In order to further avoid the decomposition of GaN, a

capping layer of un-doped GaN was placed on the samples during annealing in N2 ambient
to prevent loss of nitrogen atoms and was removed after annealing.
3.5.2. Structural Study of Annealed O- and C-implanted GaGdN. Long range
XRD characterization of annealed O- and C-implanted GaGdN is shown in Figure 3.17.
Overall crystal structure stays similar and no additional phases are observed after
annealing.

Figure 3.17 X-ray diffraction 2θ-ω scans of annealed O- and C-implanted GaGdN and
their comparison with as-implanted GaGdN and as-grown GaGdN from Cp3Gd source.
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Figure 3.18 X-ray diffraction 2θ-ω scans of (002) peaks of annealed O- and C-implanted
GaGdN and their comparison with as-implanted GaGdN and as-grown GaGdN from
Cp3Gd source with vertical axes on linear and log scales.

Figure 3.18 shows the (002) peak of annealed, implanted, and as-grown GaGdN
from Cp3Gd. Peak position of O-implanted GaGdN very slightly shifted to lower
diffraction angles in (002), (004) and (006) crystal orientations, while C-implanted GaGdN
has a noticeable peak shift towards higher diffractions angles. These peak shifts confirm
that O and C do not occupy dominantly substitutional sites because O has a smaller
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covalent radius than N and C has a larger covalent radius, which would result in a peak
shift towards higher diffraction angles in GaGdN:O and lower diffraction angles in
GaGdN:C, but complementary results are seen. O and C both likely primarily exists as
interstitial sites in GaGdN. Details of (002), (004), and (006) peaks are mentioned in Table
3.4. The FWHM of O-implanted GaGdN reduces upon annealing which points towards a
better incorporation of O in GaGdN. On the other hand, FWHM of C-implanted GaGdN
stayed almost consistent or increased with annealing. The effects of annealing on O- and
C-implanted GaGdN are different which points towards possible differences in their
respective incorporation in the GaGdN lattice structure.

Table 3.4 Summary of X-ray diffraction results of annealed and implanted O- and Cimplanted GaGdN and their comparison with as-implanted GaGdN and as-grown GaGdN
from Cp3Gd source.

Sample #

(002) 2θ
peak
position
(o)

(002)
peak
FWHM
(arcsec)

(004) 2θ
peak
position
(o)

(004)
peak
FWHM
(arcsec)

(006) 2θ
peak
position
(o)

(006)
peak
FWHM
(arcsec)

GaGdN
as-grown
(Cp3Gd)

34.49

453

72.78

417

125.85

520

GaGdN:O
asimplanted

34.55

432

72.86

408

125.91

545

GaGdN:C
asimplanted

34.51

435

72.81

389

125.87

508

GaGdN:O
annealed

34.55

394

72.85

394

125.90

540

GaGdN:C
annealed

54.55

429

72.86

406

125.91

531
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3.5.3. Anomalous Hall Effect Characterization of Annealed O- and Cimplanted GaGdN. Annealing could activate energetically favorable sites for O and C in
GaGdN and influence the spin-related properties. AHE measurement are performed to
understand these effects and discussed in this section.
In O-implanted GaGdN, annealing resulted in AHE but anomaly of the signal seems
different as compared to as-implanted GaGdN, as seen in Figure 3.19. Anomalies in both
the cases start down from ~200 Gauss. The resistivity significantly reduced which points
towards a better incorporation of O in GaGdN upon annealing. The carrier concentration
only slightly increased due to an activation of n-type defects in GaGdN. Both interstitial
and substitutional O states could be activated in GaGdN upon annealing along with a
reduction in implantation-related defects. This is in agreement with XRD results as the
FWHM reduced and the peak position very slightly shifted to lower diffraction angles.

Hall Resistivity (µOhm-cm)

Energy sites such as O interstitials could be stabilized by annealing resulting in AHE.

GaGdN as-grown
GaGdN:O as-implanted
GaGdN:O annealed

60
30
0
-30
-60
-1000

-500

0

500

1000

Applied magnetic field (Gauss)

Figure 3.19 Anomalous Hall Effect in annealed and as-implanted GaGdN:O.
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Similar results are seen in annealed C-implanted GaGdN; both as-implanted and
annealed GaGdN:C show AHE but nature of AHE signals are different, as seen in Figure
3.20. As-implanted GaGdN showed a signal that represents spin in the material but has
fluctuations. Annealing possibly resulted in a stabilization or relaxation of the spin
constituents (yet have a net spin), and a smoother AHE signal.

Figure 3.20 Anomalous Hall Effect in annealed and as-implanted GaGdN:C.

The resistivity of GaGdN:C increased, and carrier density reduced upon annealing.
This points towards activation of additional deep acceptor energy states in GaGdN:C. As
observed in the XRD results, annealing activated interstitial or related energy bands in
GaGdN:C that resulted in a change in nature of the AHE signal. The change in resistivity
of GaGdN:O and GaGdN:C could be corresponding to the FWHM in the XRD peaks and
stability or incorporation of O and C in GaGdN. Also mobility of GaGdN:O and GaGdN:C
further increased upon annealing. The net resistivity also has effects on the Hall coefficient.
A summary of the Hall effect characterization is shown in Table 3.5.
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Based on the XRD and AHE characterization results, as-implanted GaGdN:O
showed both substitutional and interstitial O, and the O interstitial sites were stabilized
upon annealing. On the other hand, as-implanted GaGdN:C has more interstitials as
compared to substitutional sites in as-implanted form, and are activated more with
annealing. An increase in the interstitial (or related) energy states’ activation resulted in a
change in the nature of signal, but still showed AHE.

Table 3.5 Summary of electrical and Hall Effect characterization annealed and implanted
O- and C-implanted GaGdN and their comparison with as-implanted GaGdN and asgrown GaGdN from Cp3Gd source.
Mobility
2 -1 -1
(cm V s )

Hall
coefficient
3 -1
(cm C )

Comments

18

213

1.7

OHE

17

298

6.6

AHE

18

262

4.5

AHE

18

300

3.6

AHE

18

300

5.75

AHE

Density
-3
(cm )

Sample

Resistivity
(m-cm)

GaGdN
(Cp3Gd)

8

3.7 x 10

GaGdN:O asimplanted

22

9.5 x 10

GaGdN:C asimplanted

17

1.4 x 10

GaGdN:O
annealed

12

1.7 x 10

GaGdN:C
annealed

19

1.1 x 10

3.6. MECHANISM FOR SPIN-RELATED PROPERTIES OF OXYGEN AND
CARBON-IMPLANTED GADOLINIUM-DOPED GALLIUM NITRIDE
Anomalous Hall Effect was observed in O- and C-implanted GaGdN. As-grown
GaGdN from Cp3Gd that did not contain any O or C showed Ordinary Hall Effect. Gd
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could have spin moments associated with partially filled d and f orbitals but these are
activated in the presence of O or C.
O and C could occupy interstitial, substitutional and similar sites in GaGdN and
proportion of interstitial sites relative to other energy states could increase with annealing.
O is a donor when it substitutes N, but the carrier concentration of GaGdN:O has been
lower than GaGdN. Also, C has a larger covalent radius than N, but the peak shifts in XRD
measurement indicate a reduced lattice size in GaGdN:C as compared to GaGdN.
Evaluating the AHE results and reviewing density functional theory calculations of
O and C incorporation in GaGdN, O or C exists in interstitial states in GaGdN, acts as
acceptors, has energy states deep within the bandgap of GaGdN, and render spin
characteristics in GaGdN. A p-d/f hybridization of the carriers is responsible for the AHE.
This helps to clarify that O or C is essential in rendering spin-related characteristics in
MOCVD-grown GaGdN.
The overall mechanism for spin-related properties in GaGdN at RT could be
intrinsic and a combination of metallic conduction and variable range carrier hopping, is
related with free carriers in the material, and activated in the presence of oxygen or carbon.

3.7. MECHANISM FOR SPIN IN GaGdN AT ROOM TEMPERATURE
The roles of oxygen and carbon in spin properties of GaGdN are investigated in
this section. As-grown GaGdN from Cp3Gd that did not contain O or C showed Ordinary
Hall Effect. O- and C-implanted GaGdN exhibited Anomalous Hall Effect at RT. The
incorporation of O and C in GaGdN and resulting signals were relatively different, but both
exhibited AHE. A good crystal quality was maintained even after O- and C- incorporation
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in GaGdN by implantation. X-ray diffraction peak shifts and FWHM confirmed the
presence of interstitial and substitutional O- and C- sites in implanted GaGdN. Annealing
stabilized the interstitial states and still exhibited AHE. O introduced more deep acceptor
states in GaGdN than C but annealing activated more of C-related deep states while Orelated states relaxed.
In summary, that O and C have a crucial role in rendering AHE in GaGdN at RT
with a good crystal quality. A carrier-related mechanism in GaGdN and its activation by O
or C shows a potential towards achieving tunable properties in GaGdN conducive for RT
spintronic applications.
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4. MOCVD GROWTH AND CHARACTERIZATION OF TRANSITION-METAL
DOPED ZINC OXIDE

4.1. ZINC OXIDE FOR BANDGAP TUNABILITY
Zinc oxide has been one of the most versatile and multi-functional materials with
applications in photovoltaics, photodetection, photocatalysis, thermoelectrics, spintronics,
and biomedicine58–68. These functionalities of zinc oxide stem from a direct bandgap of
~3.4 eV, stability at high temperature and power, existence of an asymmetrical crystal
structure, high exciton binding energy, high Seebeck coefficient, high chemical stability,
broad radiation absorption spectrum, and ferromagnetism104–106,114,118,201,204,215. Absorption
and emission characteristics in ultraviolet/blue light makes zinc oxide a good candidate for
solar cells, photodetector, and light emitting diodes applications138,150,200,298–300. Zinc oxide
is also suitable for electronics considering a tunable carrier mobility up to 200 cm 2V-1s-1
and carrier concentration up to 1020 cm-3 for n-type, and up to 50 cm2V-1s-1 mobility and
1019 cm-3 carrier density for p-type. Along with semiconductor transport behavior, zinc
oxide could be doped with transition metals in dilute amounts to induce magnetic properties
for spintronic applications57,125,131,132. Also, low toxicity, biocompatibility, and
biodegradability extends the applicability of zinc oxide to biomedical and environmentrelated purposes217,219.
Zinc oxide could play various roles in photovoltaics, such as active layer,
transparent conductive oxide, carrier blocking layer, interfacial or passivation layer, antireflection coating, or a substrate for other materials with similar crystal structure116,301–307.
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ZnO-based Schottky junction solar cells were built using MOCVD-grown ZnO as
active layer99. Schottky junction solar cells can avoid p-doping and have a simple device
structure and low cost. Figure 4.1 has insets that show the ZnO/Ag Schottky junction
structure with Ti/Au ohmic contacts200. The current-voltage characterization exhibits
diode-like rectifying behavior, and the open circuit voltage and short circuit current
increase with an increase in the illumination intensities of solux lamp, confirming the
photovoltaic performance. ZnO can also be used as a passivation layer component in multijunction solar cells191,195. Passivation layers can reduce surface recombination, interfacerelated traps and dangling bonds, resulting in a better photovoltaic performance.

Figure 4.1 Current-voltage characterization of ZnO/Ag Schottky solar cell at different
axes limits. Insets show device structures, and trend of short circuit current with solux
voltages200.

Power conversion efficiency of solar cells could be improved by using multijunction solar cells over single-junction, with different bandgaps configured in a tandem
structure. A heterojunction solar cell structure consisting of zinc oxide and silicon active
layers, as shown in Figure 4.2 was theoretically studied308. Input characteristics of zinc
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oxide for the simulation were experimentally acquired using MOCVD-grown ZnO. The
refractive index of ZnO matches with anti-reflection requirement for silicon solar cells, so
zinc oxide acts as an anti-reflection layer too. A reference external quantum efficiency
measured for 0.5 µm thick ZnO. Short circuit current and the open circuit voltage depend
on the thickness of ZnO, as shown in Figure 4.2. Optimized thickness and optical
parameters of ZnO could be used in the development of multi-junction solar cells.

Figure 4.2 ZnO based tandem solar cell – (a) Schematic of a multi-junction solar cell with
zinc oxide and silicon active layers, (b) External quantum efficiency of solar cells with
varying ZnO thickness, (c) Current-voltage simulation result of ZnO/Si solar cell as a
function of ZnO thickness308.

Tunable bandgaps in the same material could reduce heterostructure-related
interface traps or defects and enhance device performance. Such tunability in the optical
absorption properties of zinc oxide could be achieved by doping it with transition metals
such as nickel and manganese299,309–316. The resulting bandgap and related properties of
transition metal-doped zinc oxide could depend on the growth techniques used317–322.
Figure 4.3 shows a summary of growth techniques that could be used for thin film
deposition for typical oxide materials119,126,128,137,149,200,323,324.
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Figure 4.3 Summary of common thin film deposition techniques325.

Nickel-doped zinc oxide grown by DC/RF magnetron sputtering showed a
bandedge shift from 3.2 eV down to 1.4 eV with Ni doping up to 7%, as seen in Figure
4.4326. However, transmittance reduced with Ni doping, which could be due to lattice
defects introduced by sputtering.
For nickel-doped zinc oxide, different results are reported depending on the
material growth and processing. Zinc nickel oxide grown by spray pyrolysis deposition on
quartz substrates showed a reduction in bandgap with Ni content up to 10%; however,
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another work using a similar growth method observed an initial decrease and then an
increase in the band edge with added Ni content up to 4%312,316,327. Bandgap reduction from
3.22 eV to 3.11 eV was seen in zinc oxide doped with 10% Ni and grown by precipitation
method328. Ni-doped ZnO nanoplatelets synthesized by chemical reactions of aqueous
solutions of Zn, Ni, and O precursors in polymer micelles also resulted in a red shift from
3.25 eV to 3.19 eV with 10% Ni314. On the other hand, zinc nickel oxide nanoparticles
prepared by sol-gel technique showed an increase in band edge from 3.29 eV to 3.32 eV
with Ni content up to 6% as shown in Figure 4.5329. Ni-doped ZnO nanoparticles grown by
chemical solution deposition method showed a consistent near band edge of 3.22 eV with
Ni doping, but mid absorption bands in the visible region were observed313.

Figure 4.4 Bandgap and transmittance of un-doped and Ni-doped ZnO thin films grown
by a DC/RF magnetron sputtering method326.

Zinc oxide doped with manganese also has a potential for bandgap tunability330–332.
As seen in Figure 4.6, transition metals such as Mn could exist different ionic states in zinc
oxide and result in variations in the bandgap. Zinc manganese oxide nanoparticles grown
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by a sol-gel like technique showed a bandgap reduction from 3.34 eV to 3.22 eV with 5%
Mn. In another study based on sol-gel technique, Mn- and Ni-doped ZnO nanopowders
also exhibited a reduction in bandgap but the reflectance reduced significantly with doping,
as shown in Figure 4.7.

Figure 4.5 Absorption spectra of Ni-doped zinc oxide with different nickel content329.

Bandgap tunability could add to optical and magnetic functionalities of zinc oxide
and result in better energy harvesting / electronic devices329,333–336. Transition-metal doped
ZnO has a potential for spintronic applications as transition metals have unpaired electrons
in the d-orbitals, and could form magnetic clusters or interact with carriers in ZnO to render
ferromagnetism; also, ZnO doped with transition metals has provided signs of enhancing
the thermo-emf and possibly thermoelectric-related properties in ZnO313,329,330,338–342.
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Figure 4.6 A configuration coordinate model of ionization of Mn2+ states and related
transitions in a hypothetical ionic system337.

Figure 4.7 Absorption spectra of un-doped, Ni- and Mn-doped ZnO nanopowders by solgel technique, and their bandgap determination using Kramers-Kronig method332.

Metal-organic chemical vapor deposition (MOCVD) has been one of the
established techniques for the growth of compound semiconductors with high
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controllability and good crystal quality124,200,323,343,344. These thin films could be used as
active layers in solar cells, at a laboratory as well as commercial scale. Material properties
could be systematically tuned in MOCVD growth with changes in conditions such as
temperature, pressure, precursors’ flows, etc. However, bandgap-related properties of
MOCVD-grown zinc oxide doped with transition metals have not been sufficiently
investigated. In this section, MOCVD growth of transition-metal doped zinc oxide and
their resulting properties with varying dopant concentration and MOCVD growth
conditions are discussed.

4.2. METAL-ORGANIC CHEMICAL VAPOR DEPOSITION OF ZINC OXIDE
Metal-organic chemical vapor deposition (MOCVD) involves deposition of thin
films on substrates or surface sites in a suitable mass transport regime, by a controlled
vaporization and chemical reaction of precursors.
Figure 4.8 is a picture of the MOCVD tool that was used for growth of zinc oxidebased materials, and Figure 4.9 shows the control unit arrangement for the MOCVD
system.
Diethyl zinc (DEZn) is used as the zinc precursor with a vapor pressure of 4-10
Torr in temperature range of 5-16 oC.. A thermal refrigerator / circulator is used to maintain
a suitable source-bubbler temperature. Pure oxygen is the oxide source, and nitrogen is the
carrier gas. The flow rates and vertical injection of the source materials in the reaction
chamber are controlled using mass flow controllers (MFCs) and needle valves.
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Figure 4.8 Metal-organic vapor deposition system for growth of un-doped and transitionmetal doped zinc oxide.

Purposes or types of mass flow controllers include carrier gas flow mass flow
controllers connected with the material sources to control the sources’ injection in the
reaction chamber, push and double dilution MFCs to further tune the flow rates. The
reaction chamber flow flange has 8 metal-organic source lines, 4 oxygen, and 5 nitrogen
lines getting into the chamber, to ensure a proper gas flow through the system. A butterfly
valve is used to control the pressure in the reaction chamber. The chamber is maintained at
room temperature at standby by a water circulation arrangement. A load-lock setup is used
to load and remove samples from the chamber. The chamber and the load-lock arrangement
have exhausts’ arrangements consisting of a throttle valve, drystar vacuum pump, and
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related filter. The temperature, pressure, and substrate-holder rotation speed are set through
a computer and control unit shown in Figure 4.9.

Figure 4.9 Metal-organic vapor deposition system for growth of un-doped and transitionmetal doped zinc oxide – Control panel.

Figure 4.10 illustrates a schematic of the system. Sources with a controlled flow
rate enter the chamber through a pneumatic valves logic arrangement. This arrangement
helps to route the sources’ flow through desired push and double dilution MFCs. 4 double
dilution MFCs for metal-organic sources are used, with a single MFC and a group of 3
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MFCs. Oxygen and selected nitrogen lines enter the chamber through their individually
allocated valves and MFCs. MFCs’ flow rates vary from 100 to 2000 sccm for the sources,
and up to 5000 sccm for the direct nitrogen lines. A more detailed and simplified
arrangement of the sources’ flow is shown in Figure 4.11.

Figure 4.10 Schematic of metal-organic chemical vapor deposition system for growth of
un-doped and transition-metal doped zinc oxide [from database / documents of the
equipment system].

The net flow rate of DEZn entering the chamber is given by Equation (13).
FR DEZn = FR Dilution (FR

FRDEZn_MFC
DEZn_MFC +FRPush

) (P

PDEZn_Vaporpressure

DEZn_bubblerline +PDEZn_Vaporpressure

) (13)

where FRDEZn is the net DEZn flow rate entering the chamber, FRDilution is the flow rate at
the double dilution MFC, FRDEZn_MFC is the carrier gas flow rate through the DEZn bubbler,
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FRPush is the flow rate at push MFC, PDEZn_vaporpressure is the vapor pressure of DEZn, and
PDEZn_bubblerline is the pressure at the DEZn bubbler/line.

Figure 4.11 A simplified block diagram (mass flow controllers, sources, reaction
chamber) of zinc oxide growth.

The mass flow controllers and temperature are controlled, and pressure transducers
read, through a control software, as shown in Figure 4.12. Suitable pneumatic valves could
be opened and closed depending on the growth parameters, and if the tool is in growth, N2
purging, or idle mode.
Zinc oxide with varying precursor flow rates were grown on sapphire substrates.
Zinc oxide could have native defects and sites that are deficient in oxygen or zinc, zinc
interstitials, and other possible defects. Their effects on the resulting properties could be
understood by varying the flow rates of the sources, as summarized in Table 4.1. Chamber
temperature and pressure were maintained at 550 oC and 30 Torr respectively, with a
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substrate disk rotation of 800 rpm. DEZn push was set at 200 sccm, and double dilution
MFC was set at a summation value of the push MFC and the DEZn carrier MFC.

Figure 4.12 Software control of metal-organic chemical vapor deposition system for
growth of un-doped and transition-metal doped zinc oxide.

4.3. STRUCTURAL AND OPTICAL CHARACTERIZATION OF ZINC OXIDE
Initial characterization of un-doped zinc oxide was performed with X-ray
diffraction (XRD) and energy dispersive X-ray spectroscopy (EDX) techniques. As seen
in Figure 4.13, a ZnO (002) peak is observed as expected. The sapphire substrate is c-plane
and hence an epitaxial growth of zinc oxide with a hexagonal crystal structure was
observed. A phase of ZnO (100) is also apparent. A minor peak at a 2 of ~37o could be
due to residuals / memory effect of materials having cubic phases in the system.
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Table 4.1 MOCVD growth / precursors’ flow details of un-doped zinc oxide
Sample
#

DEZn
Temp.
(0C)

DEZn
MFC FR
(sccm)

DEZn
flow rate
(sccm)

O2 MFC
flow rate
(sccm)

VI/II
ratio

Direct
N2 flow
(sccm)

Pr 1001

16

75

1.5

300

204

4000

Pr 1002

16

75

1.5

150

102

4000

Pr 1003

16

75

1.5

600

410

3600

Pr 1004

16

50

1.0

2000

2043

1000

Pr 1005

16

43

0.9

2000

2309

1500

Pr 1011

5

100

1.0

150

150

3500

Pr 1012

5

50

1.5

225

150

3500

Pr 1013

5

200

2.0

300

150

3500

Pr 1014

5

50

1.5

2000

1336

200

Pr 1015

5

200

2.0

2000

1002

200

Elemental composition study of ZnO by EDX showed zinc and oxygen peaks as
seen in Figure 4.14. Also, an increase in the thickness is observed with an increase in the
DEZn flow rate, as seen in Figure 4.15, but relatively stayed consistent with O2 flow rate.
XRD, EDX, and thickness characterization confirmed a successful growth of zinc oxide.
Considering the goal to investigate the effects of transition-metal doping on the
optical and structural properties of ZnO, the bandgap of un-doped zinc oxide was measured
under different precursor flow rates. Figure 4.16 shows photoluminescence measurement
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results of un-doped ZnO samples. A dominant peak at ~3.3 eV is observed, as expected.
Minor peaks at ~2.2 eV could be due to the lamp source.

Figure 4.13 X-ray diffraction results of an un-doped ZnO sample (Pr 1002).

Variation in bandgap with varying precursor flows, that is, possibly varying
vacancy or interstitial defects is studied as shown in Figure 4.17. The bandgap stays
consistent in all the un-doped zinc oxide irrespective of variations in the flow rates.
Following this, in the next section, transition metal doping of zinc oxide is done and
resulting properties investigated.
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Figure 4.14 Energy-dispersive X-ray characterization results of un-doped ZnO (Pr 1002).
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Figure 4.15 Effect of precursors’ flows on the thickness of un-doped ZnO.
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Figure 4.16 Photoluminescence characterization results of un-doped ZnO.

Figure 4.17 Effect of precursors’ flows on the bandgap of un-doped ZnO.
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4.4. METAL-ORGANIC CHEMICAL VAPOR DEPOSITION OF ZINC NICKEL
OXIDE – PHASE I : EFFECTS OF NICKEL CONCENTRATION
Prior to growing nickel-doped zinc oxide, the injection of nickel in the chamber is
tested. Bis-cyclopentadienyl nickel (Cp2Ni) is a nickel precursor and was maintained at 9095 oC with a vapor pressure of 3-7 Torr. As seen in Figure 4.18, broad peaks are observed
in nickel oxide sample that were not observed on sapphire. These peaks are broad; the
growth conditions optimized for zinc oxide were used to grow nickel oxide, while nickel
oxide could have different optimum conditions than zinc oxide.

Figure 4.18 Photoluminescence characterization of sapphire, un-doped zinc oxide and
nickel oxide.

Even though sapphire is a preferred substrate with a hexagonal crystal structure
and lesser lattice mismatch with zinc oxide, a set of Ni-doped ZnO was grown on silicon
as shown in Table 4.2 to understand the sources’ injection and thin films’ deposition.
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DEZn was maintained at 5 0C with a carrier flow rate of 100 sccm, and Cp2Ni at 95 0C
with a carrier flow rate of 400 sccm.
As seen in Figure 4.19, samples with different growth conditions show different
colors. Variation in nickel content, oxygen content, and growth condition could result in
varying properties. For example, sample S-1 with no nickel injection appears bluish than
sample S-2 with nickel injection.

Table 4.2 MOCVD growth parameters of set S of Ni-doped ZnO on silicon.

Sample
#

Growth
temp.

Growth
pressure

DEZn
FR
(sccm)

O2 MFC
flow rate
(sccm))

Cp2Ni
MFC
flow rate
(sccm)

VI/II
ratio

S-1

450

30

1

150

0

150

S-2

450

30

1

150

5.4

150

S-3

450

30

1

2000

5.4

2000

S-4

550

100

1

150

5.4

150

S-5

550

30

1

150

5.4

150

S-1

S-2

S-3

S-4

Figure 4.19 Ni-doped ZnO on silicon samples.

S-5
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Following the initial growth tests, Ni-doped zinc oxide were grown on sapphire
substrates. Diethyl zinc (DEZn) was maintained at 5 oC. Bis-cyclopentadienyl nickel
(Cp2Ni) is a nickel precursor and was maintained at 90-95 oC with a vapor pressure of 3-7
Torr and varying flow rates. Two sets of samples were grown, set A at 400 oC, 100 Torr,
with a net DEZn flow of 2 sccm; and set B at 450 oC, 30 Torr, with a net DEZn flow of 1
sccm, both for 90 minutes. Oxygen flow rate was maintained at 300 sccm and 150 sccm
for sets A and B respectively resulting in VI/II ratio of 150. Direct N2 flow rate for the
chamber ranged from 3000 to 5000 sccm. Substrate rotation speed was maintained at 800
rpm for all samples. Table 4.3 shows a summary of the conditions applied to grow Nidoped ZnO.

Table 4.3 MOCVD growth details of Ni-doped ZnO on sapphire – Phase I.
Sample #

Temp. (oC)

Pressure
(Torr)

DEZn flow
rate (sccm)

Cp2Ni flow
rate (sccm)

O2 flow
rate (sccm)

A-1

400

100

2

0

300

A-2

400

100

2

0.62

300

A-3

400

100

2

1.24

300

A-4

400

100

2

1.86

300

B-1

450

30

1

0

150

B-2

450

30

1

2.48

150

B-3

450

30

1

5.42

150
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Reynolds numbers for the metal-organic precursors in sets A and B ranged about
2650-2250 and 650-850 respectively; which result in a stable and uniform laminar gas flow
for adsorption of reactants on the sapphire substrates. Cp2Ni flow rate is higher than DEZn
flow rate in some samples, considering the possibility of a low adsorption or decomposition
rate of the Cp2Ni precursor.
Figure 4.20 shows the grown samples (of set A for reference (with similar case for
set B)). Differences in color with an increase in Ni injection is seen in the samples due to
changes in light absorption properties and introduction of defect states. Thicknesses of the
samples were ~150 nm and ~500 nm for sets A and B respectively, and samples with the
highest Ni content were the thickest in the respective sets.

A-1

A-2

A-3

A-4

Figure 4.20 Ni-doped ZnO on sapphire (Phase I) Samples A-1 to A-4 with an
increase in the Ni content (from left to right).

4.5. STRUCTURAL AND OPTICAL PROPERTIES OF ZINC NICKEL OXIDE –
PHASE I : EFFECTS OF NICKEL CONCENTRATION
Structural properties of MOCVD-grown ZnNiO were studied under varying Ni
concentration.
4.5.1. Structural Properties. Elemental composition characterization and X-ray
diffraction measurement were performed to determine the incorporation of nickel in zinc
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oxide and identify the crystal structures in ZnNiO. Figure 4.21 shows a sample EDX
measurement, and Table 4.4 is a summary of the results.
EDX results agree with the growth parameters used, and the zinc content in samples
of set B is less due to a lower zinc precursor input flow relative to Cp2Ni flow. (In addition
to Zn, Ni, and O, small amount of carbon impurities (unlabeled peak) is also detected). Ni
percentage was calculated from the ratio of Ni to the total of Ni and Zn weights, as Ni

Counts (Arbitrary units)

typically substitutes Zn11,17.

Energy (keV)

Figure 4.21 Energy-dispersive X-ray spectroscopy results of a Ni-doped ZnO sample on
sapphire (Phase I) (sample# A-4).

Un-doped ZnO #B-1 contains small amount of Ni even though Ni precursor flow
rate was 0 sccm, due to memory effect in the chemical vapor deposition system, as the
samples were grown back to back. It can be seen from Table 4.4 that Ni incorporation not
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only affects Zn content but also oxygen in ZnNiO, which could be the result of defect states
or interstitial states or oxygen vacancies introduced or occupied by Ni in ZnNiO.

Table 4.4 Energy dispersive X-ray spectroscopy results of MOCVD-grown ZnNiO on
sapphire (Phase I).
Sample #

Zn weight %

Ni weight %

O weight %

Ni % in ZnNiO

A-1

68.37

0

24.32

0.00

A-2

64.12

0.08

26.07

0.12

A-3

61.81

0.14

27.29

0.23

A-4

69.38

1.54

24.26

2.17

B-1

36.21

0.01

23.36

0.03

B-2

59.07

0.29

17.93

0.49

B-3

63.43

0.75

19.87

1.17

X-ray diffraction 2θ-ω measurement is shown in Figure 4.22. A hexagonal crystal
structure in (002) direction is observed, along with secondary phases. The (002) peak shifts
towards lower and higher diffraction angles relative to an un-doped ZnO upon Ni doping.
Ni2+ has a smaller ionic radius than Zn2+ which results in a reduction in the lattice size and
a peak shift towards higher diffraction angles. However, this could also be convoluted with
other sites that Ni can occupy in ZnO, as also observed in EDX results. Detailed
information of the (002) peak is presented in Table 4.5. A better full width half maximum
(FWHM) with Ni doping shows that the overall crystal quality of the thin films is not
affected with Ni doping. Vertical correlation length is determined (approximately) using
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Scherrer equation (crystallite size = ~0.9 λ / β cos(θ), where λ is wavelength of the X-ray
source, β is FWHM of the (002) peak, and θ refers to the incident X-ray angle), to
understand the relative variation in crystallite size with Ni doping. The crystallite size
increased with Ni doping in ZnO, which could be due to a larger atomic radius of nickel
than zinc, and possibilities of nickel occupying substitutional or interstitial sites in zinc
nickel oxide.

Figure 4.22 X-ray diffraction results of MOCVD-grown ZnNiO on sapphire (Phase I).

A ZnNiO (100) phase was identified in a Ni-doped ZnO sample due to
polycrystallinity in the films. ZnNiO (101) peaks at ~360 2θ are relatively higher in
intensity with reference to the (002) peaks in set B, which could be the result of different
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growth conditions. The peak at ~37.40 could be a combination of a ZnNiO (111) phase and
sapphire (110), but ZnNiO (111) is the dominant one considering that the peak does not
appear in un-doped ZnO sample# A-1 and shifts in position with Ni doping. Un-doped ZnO
B-1 still shows the (111) peak due to memory effect; as also seen in the EDX results.
Shoulders at some diffraction peaks could be due to Laue-like oscillations or interface
defects introduced by Ni doping.

Table 4.5 X-ray diffraction results of MOCVD-grown ZnNiO on sapphire (Phase I).

Sample #

Ni % (EDX)

(002) 2θ peak
position (o)

(002) peak
FWHM
(arcsec)

Lattice
constant c
(Å)

~ Vertical
correlation
length (Å)

A-1

0.00

34.08

2484

5.256

118

A-2

0.12

34.02

1764

5.265

170

A-3

0.23

34.02

1620

5.265

186

A-4

2.17

34.18

1620

5.240

186

B-1

0.03

34.26

1332

5.228

227

B-2

0.49

34.32

792

5.219

372

B-3

1.17

34.26

1080

5.228

273

Occurrence of (111) phase with slight shifts in (002) peak, accompanied with Ni
detection in EDX measurement, show that nickel was incorporated in zinc oxide without
significantly effecting the crystallinity relative to un-doped ZnO.
4.5.2. Optical Properties. Optical properties of Ni-doped ZnO on sapphire were
studied using photoluminescence and absorption measurement.
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Photoluminescence measurement of Ni-doped ZnO samples on sapphire were
performed (with an excitation energy of ~6 eV), as shown in Figure 4.23. All the samples
showed photoluminescence at or below ~3.3 eV. Set B grown at 450 0C and 30 Torr showed
narrow UV emission peaks. Broad peaks were observed in set A samples grown at 400 0C
and 100 Torr, due to a low signal to noise ratio in the measurement or a lower quality at
higher pressure / lower temperature as also seen from the XRD peak intensities and
FWHM, or an inter-mix of the UV emission peak and defects-related broad peak in the
yellow luminescence wavelengths.

Photon counts (Arbitrary units)

A-1 (0.0% Ni)
A-2 (0.1% Ni)
A-4 (2.3% Ni)
B-1 (0.0% Ni)
B-2 (0.5% Ni)
B-3 (1.2% Ni)

2

3

4

5

Energy (eV)
Figure 4.23 Photoluminescence diffraction results of MOCVD-grown ZnNiO on sapphire
(Phase I).

Absorption spectrum measurement was performed to determine band edge related
properties of MOCVD-grown ZnNiO samples. Near band edge characterization could be
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crucial especially in photovoltaic and sensing applications. Figure 4.24 shows the
absorbance spectra of ZnNiO with varying nickel content. For sample# A-4 with Ni content
of 2.3%, an increase in the absorbance, and a red shift in band edge (also sample# A-2),
are observed relative to other samples in the respective set. Set B also shows a red shift and
increase in absorbance with nickel doping in zinc oxide. The step at ~3.5 eV is due to
switching of lamps in the measurement equipment.
Energy band gap of Ni-doped ZnO was determined using Tauc plots. Absorption
coefficient (α = Absorbance/thickness) was calculated and (αhv)2 plotted as seen in Figure
4.24. Considering a direct bandgap in zinc oxide-based materials, linear lines (dashed lines
in the figures) were extrapolated on the x-axis, and corresponding intercepts were
determined. In set A, the band gap reduced from 3.276 eV in un-doped ZnO to 3.269 eV
in ZnNiO with 2.3% Ni. Set B showed more reduction in the band gap from 3.287 eV to
3.260 eV with an increase in the Ni-doping up to 1.2%.
Figure 4.25 depicts the reducing trend in the band gap with Ni content in ZnNiO,
which is consistent in both the samples’ sets. The rate of bandgap reduction is more in set
B. From X-ray diffraction results, it could be understood that crystallinity is relatively
better in samples of set B based on the FWHM of the (002) peak. Relative to the (002) peak
of un-doped ZnO, it seems that a peak shift towards higher diffraction angles (on average)
in ZnNiO, is preferable for bandgap reduction rate. Also, as seen in Table 4.4, samples
with lower oxygen content showed lower bandgaps. Substitution of Zn2+ with Ni2+, and
oxygen vacancies caused by Ni doping, could be primarily responsible for the bandgap
reduction. A sample with lower Ni content (for example, sample# B-3) can possibly have
a lower bandgap (more bandgap reduction) than a sample with relatively higher Ni content
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(for example, sample# A-4), if it has more incorporation of Ni at sites that favor band gap
reduction in ZnNiO. As the rate of band gap reduction with Ni-doping is different under
the two growth conditions, it can be said that energy sites occupied by Ni are influenced
by growth parameters. Different growth conditions could activate different sites for dopant
incorporation during growth and affect the resulting band edge of the material.
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Figure 4.24 Absorbance spectra and Tauc plots of MOCVD-grown ZnNiO on sapphire
(Phase I) (a) Absorbance spectra - Set A, and (b) Absorbance spectra - Set B, (c) Tauc
plots - Set A, and (d) Tauc plots - Set B.

Overall absorption spectrum results show a potential of band gap tunability of zinc
oxide by doping with nickel. Ni would p-dope ZnO and could introduce shallow energy
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states near the valence band causing the bandgap reduction. In addition to controllably
manipulating the band edge; energy states activated in zinc oxide by Ni-doping, could also
interact with the energy bands or defects in the host material, resulting in a coupling of the
Ni d orbitals within (Ni-Ni), and with the s or p orbitals of ZnO, to potentially also render
magnetic and thermo-electric properties.

Energy band gap (eV)

3.29
Set A
Set B

3.28

3.27

3.26

3.25
0

1

2

Ni in ZnNiO (%)

Figure 4.25 Trend of variation in band gap of MOCVD-grown Ni-doped ZnO on sapphire
(Phase I) with Ni content.

4.6. METAL-ORGANIC CHEMICAL VAPOR DEPOSITION OF ZINC NICKEL
OXIDE – PHASE II : EFFECTS OF GROWTH CONDITIONS
Phase II growth of zinc nickel oxide involved a systematic study of the effect of
growth conditions – temperature and pressure on the nickel incorporation and resulting
optical and structural properties. DEZn and Cp2Ni sources were maintained at 5 oC and 90-
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95 oC respectively. Two sets of samples were grown, set C at 450° C and set D at 550° C
with a chamber pressure-range of 22-100 Torr, and a substrate disk rotation speed of 600
rpm. DEZn and oxygen net flow rates were maintained at 1 sccm and 300 sccm with a VI/II
ratio of 300. Cp2Ni flow rate was maintained at 2.7 sccm considering a possibility of low
decomposition / adsorption rate of the dopant. N2 flow rate directly into the chamber ranged
from 500 to 4000 sccm. Table 4.6 summarizes the growth conditions.

Table 4.6 MOCVD growth details of Ni-doped ZnO on sapphire – Phase II
Sample #

Temp. (oC)

Pressure
(Torr)

DEZn flow
rate (sccm)

Cp2Ni flow
rate (sccm)

O2 flow
rate (sccm)

C-1

450

22

1

2.7

300

C-2

450

30

1

2.7

300

C-3

450

100

1

2.7

300

D-1

550

22

1

2.7

300

D-2

550

30

1

2.7

300

D-3

550

100

1

2.7

300

4.7. STRUCTURAL AND OPTICAL PROPERTIES OF ZINC NICKEL OXIDE –
PHASE II: EFFECTS OF GROWTH CONDITIONS
ZnNiO grown by MOCVD with varying growth conditions are characterized.
4.7.1. Structural Properties. Elemental composition of selected samples was
studied using EDX, as shown in Figure 4.26, and details are provided in Table 4.7.
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The zinc and nickel content in sample grown under a high pressure at 550 oC
showed a significant reduction as compared to samples with lower pressure. Oxygen to
zinc weight ratio for samples C-1, C-2, and D-3 are 0.64, 0.35, and 9.36 respectively. The
oxygen peak in D-3 is primarily from the sapphire substrate, as the sample was only a few
nanometers thick.

Figure 4.26 Energy-dispersive X-ray diffraction spectroscopy of Ni-doped ZnO on
sapphire samples (Phase II).
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Table 4.7 Energy-dispersive X-ray spectroscopy results of ZnNiO on sapphire (Phase II).
Ni % in
Sample #

Zn weight %

Ni weight %

O weight %
ZnNiO

C-1

44.80

1.03

28.89

2.2

C-2

63.91

1.34

22.91

2.05

D-3

4.48

0.00

41.97

0.0

Figure 4.27 shows the X-ray diffraction plots of the samples. A hexagonal crystal
structure with (002) orientation (at 2θ = 34°) is observed, along with ZnO like (100) phase
at 2θ = 31° and (101) phase at 2θ = 36°. NiO like cubic phase is observed at 2θ = 37°.

Figure 4.27 X-ray diffraction results of Ni-doped ZnO on sapphire (Phase II).
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Details of the (002) peak are summarized in Table 4.8. The peak intensity and the
vertical correlation length decrease with an increase in the chamber pressure. The FWHM
of the (002) peaks increase with the pressure. The crystal quality of Ni-doped zinc oxide
seems better at lower pressure.

Table 4.8 X-ray diffraction results of Ni-doped ZnO on sapphire (Phase II).
(002) peak

Lattice

~ Vertical

FWHM

constant c

correlation

(arcsec)

(Å)

length (Å)

(002) 2θ peak
Sample #
position

(o)

C-1

34.06

864

5.258

346

C-2

34.06

864

5.258

346

C-3

34.02

1440

5.264

208

D-1

34.32

720

5.219

415

D-2

34.26

864

5.228

346

D-3

34.06

1728

2.258

173

4.7.2. Optical Properties. Photoluminescence and absorption properties of PhaseII ZnNiO were studied.
As seen in the photoluminescence spectra with an excitation wavelength of ~6 eV,
in Figure 4.28, all the samples show photoluminescence peak around 3.3 eV. Samples
growth at a 450 0 and lower pressure have stronger ultra-violet emission peaks. Samples at
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a higher temperature of 550 oC or higher pressure show broad peaks, which could be due
to defects or energy states introduced by Ni incorporation under the specific growth
conditions. Peak around 4 eV could be due to a NiO like (111) phase which is also reflected
in the X-ray diffraction results.

Figure 4.28 Photoluminescence spectra of ZnNiO on sapphire growth at different growth
conditions (Phase II).

Absorbance spectra plots of the ZnNiO samples are shown in Figure 4.29. The step
at 3.5 eV is due to a switching of lamps in the spectrophotometer. All the samples grown
show a bandgap around 3.3 eV which is in agreement with the photoluminescence results.
In set C, the absorption intensity of sample with high pressure is significantly lower than
the samples at low pressure. Sample D-3 did not exhibit band-edge.
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Figure 4.29 Absorption spectra of ZnNiO on sapphire grown under varying temperature
and pressure conditions (Phase II).

Figure 4.30 Tauc plots of ZnNiO on sapphire grown under varying temperature and
pressure conditions (Phase II).

Figure 4.30 shows the Tauc plots of ZnNiO that are used to determine the band
edges of ZnNiO. Samples grown at both the growth temperature show sharper band edges
of 3.3 eV at low pressures, as compared to high pressure.
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4.7.3. Effects of Annealing. Post-growth processing of ZnNiO could effect their
properties. Annealing could activate energy sites or help the movement of Ni ions or atoms
towards energy sites that are favorable for a reduction in bandgap. ZnNiO as-grown at 450
o

C / 30 Torr was annealed in air at 1000 0C for 30 mins.
Figure 4.31 shows the photoluminescence spectra of the as-grown and annealed

samples. As-grown sample shows UV emission peak and broad yellow peak around 2.3
eV. The peak intensities significantly reduced in the annealed sample. It still shows a broad
peak (from ~2.5 eV to ~3.3 eV) and a bandgap around 3.3 eV, but the quality is
deteriorated, which could be due to the activation of impurity (non-luminescent) centers.

Figure 4.31 Photoluminescence spectra of as-grown and annealed ZnNiO.

141
Absorption spectra of as-grown and annealed samples are shown in Figure 4.32.
The absorption intensity reduced with a slight reduction in the band edge sharpness, as also
indicated in the photoluminescence spectra.

Figure 4.32 Absorption spectra of as-grown and annealed ZnNiO.

Figure 4.33 Tauc plots of as-grown and annealed ZnNiO.
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Tauc plots are illustrated in Figure 4.33 to determine the bandgaps. The as-grown
sample has a bandgap of 3.289 eV, while annealed sample showed a bandgap of 3.277 eV.
Annealing resulted in a reduction in the bandgap and a possible activation of energy states
conductive for bandgap reduction.
In summary of the phase-II growth of ZnNiO, MOCVD growth conditions effect
the structural and optical properties of Ni-doped ZnO. Energy bands introduced in zinc
oxide with dopant incorporation depend on the growth conditions such as temperature and
pressure. Samples grown at a lower pressure of 22-30 Torr showed better crystal quality,
and sharp optical properties, unlike 100 Torr. Growth conditions with a low chamber
pressure (≤ 30 Torr) and a temperature close to the decomposition temperatures of the
metal-organic sources within a mass transport regime, exhibited a good crystalline quality,
and sharp band edges. Post-growth annealing has a potential to further reduce the bandgap
of ZnNiO.

4.8. METAL-ORGANIC CHEMICAL VAPOR DEPOSITION OF ZINC
MANGANESE OXIDE
Zinc oxide doped with manganese also has a potential for a reduction in bandgap,
as discussed in Section 4.1. In this section, MOCVD growth of Mn-doped ZnO is
investigated. A DEZn source maintained at 5 oC with a vapor pressure of ~5 Torr had a net
flow rate of 1-2 sccm with the actual carrier gas flow rate of 100-200 sccm. A VI/II ratio
of 150 was maintained with oxygen flow rates of 150-300 sccm. A bis(cyclopentadienyl)
manganese (Cp2Mn) precursor was used as Mn source. The Cp2Mn bubbler is maintained
at a temperature in a temperature range of 150-162 oC for a vapor pressure of 0.55-0.85
Torr. The source’s flow rates and temperature could be tuned to achieve source injection
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in the reaction chamber. Growth temperature and pressure were varied in the initial growth
runs and then optimized at 550 oC and 25 Torr, with a disk rotation speed of 600 rpm. Table
4.9 provides a summary of the growth condition of ZnMnO samples.

Table 4.9 MOCVD growth details of ZnMnO on sapphire.

Sample #

Temp. (oC)

Pressure
(Torr)

DEZn flow
rate (sccm)

O2 flow
rate (sccm)

Cp2Mn
injection
(%)

E-1

550

25

2

300

0

E-2

450

22

2

300

11

E-3

550

30

2

300

11

E-4

550

25

2

300

14

E-5

550

25

2

300

18/

E-6

550

25

2

300

23

E-7

550

25

1

150

25

Figure 4.34 shows picture of a ZnMnO sample (E-6) along with a sapphire substrate
and an Mn-doped ZnO sample. The ZnMnO sample seems to reflect an orangish-yellow
tinge in response to the incident white light.
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Figure 4.34 Pictures of 3 samples – sapphire, un-doped ZnO and ZnMnO (with 3
different background light conditions for the photos).

4.9. STRUCTURAL AND OPTICAL PROPERTIES OF ZINC MANGANESE
OXIDE
Characterization of MOCVD-grown ZnMnO was performed and is discussed.
4.9.1. Structural Properties. Structural and crystal properties of ZnMnO were
investigated using XRD and EDX.
Figure 4.35 shows an X-ray diffraction pattern of ZnMnO samples E-2, E-3, and
E-5. A dominant peak at a 2 of ~34.5o is observed. Considering sapphire substrate
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orientation in the (006) direction, the primary crystal growth or orientation is (002). Slight
variations in the peak position and FWHM were observed among these samples as
summarized in Table 4.10, could be due variations in Mn source injection or changes in
the growth conditions. However, the samples show similar phases and crystal orientations.
The peak at (002) could be a combination of the primary ZnO like (002) structure with
Mn2O3 (222), Mn3O4 (211) Mn3O4 (103), MnO (111), and Mn2O3 (222) structures. The
diffraction peak at ~31.7o could be from a ZnO-like (101) structure, and the peak at ~37o
could be a combination of ZnO-like (101), MnO2 (211), Mn2O3 (400), and Mn3O4 (004)
structures.

Figure 4.35 X-ray diffraction results of MOCVD-grown ZnMnO.
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ZnMnO seem to exhibit peaks that could be a combination of several oxidation
states of Mn. Mn4+ and Mn3+ have ionic radii of 0.54 Å and 0.64 Å respectively and are
smaller than Zn2+ (0.74 Å), while Mn2+ has a larger ionic radius of 0.80 Å, hence a
systematic peak shift could not be seen due to a mix of several phases of Zn-Mn-O. As
compared to ZnNiO samples of Section 1.5, ZnMnO samples showed a higher correlation
length.

Table 4.10 X-ray diffraction results of ZnMnO on sapphire

Sample #

(002) 2θ peak
position (o)

(002) peak
FWHM
(arcsec)

Lattice
constant c
(Å)

~ Vertical
correlation
length (Å)

E-2

34.54

694

5.187

431

E-3

34.48

603

5.196

496

E-5

34.52

674

5.190

444

EDX spectra (Figure 4.36) showed Mn content of 0.28 weight % and 0.34% atomic
in ZnMnO growth with 11% Mn source injection (sample # E-3). Zn weight and atomic %
were 77 and 47 respectively, and oxygen weight and atomic % were 20 and 50 respectively.
A reduced incorporation, as compared to the Mn source injection, could be due to a low
decomposition / adsorption rates of the reactants, at the specific growth conditions. Mn
content in ZnMnO with up to 25% Mn source injection could then be estimated to be in a
range of 0.4-0.6%.
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Figure 4.36 Energy dispersive X-ray spectroscopy of MOCVD-growth ZnMnO.

4.9.2. Optical Properties. Photoluminescence and absorption measurement were
performed to investigate the optical properties of MOCVD-grown ZnMnO.
As shown in Figure 4.37, photoluminescence results showed clear UV emission
peaks in all the samples. Intensity of the peak significantly reduced in sample E-7 with Mn
source injection of 25%. Some of the samples show low intensity broad bands around 2.2
eV due to oxygen vacancies, zinc interstitials, or other defects.
Figure 4.38 shows the absorption spectra of ZnMnO samples. All the samples show
sharp absorption edges. The sites occupied by Mn in ZnMnO could vary as per the growth
conditions, and Mn content, and could result in varying absorbance intensities.
Tauc plots were plotted and bandgaps of ZnMnO samples were determined as
shown in Figure 4.39. Lowest and highest band-edges observed are 3.275 eV with 25%
Mn source injection and 3.291 eV with 0% and 11% Mn source injection in ZnMnO.
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Figure 4.37 Photoluminescence spectra of MOCVD-grown ZnMnO.

Figure 4.38 Absorption spectra of MOCVD-grown ZnMnO.
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Figure 4.39 Tauc plots of MOCVD-grown ZnMnO.

Figure 4.40 Variation in band gap of MOCVD-grown ZnMnO with Mn source injection
in ZnMnO growth at varying growth conditions (Dotted line: Guide to the eyes).
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Figure 4.40 shows the variation and overall trend of bandgap of ZnMnO with Mn
source injection. Mn dopant could introduce energy states close to the valence band (or
activate energy states close to conduction band) in zinc oxide resulting in the red-shift.
4.9.3. Effects of Annealing. Post-growth annealing was done at 1000 0C for 30
mins in air to possibly activate energetically favorable sites for Mn that could further
reduce or tune the bandgap.
X-ray diffraction results of as-grown and annealed ZnMnO samples with 11% Mn
source injection are shown in Figure 4.41 and summarized in Table 4.11.

Figure 4.41 X-ray diffraction results of as-grown and annealed ZnMnO.

No significant variation in the peaks and phases or crystal structure is observed
upon annealing. The FWHM reduced and vertical correlation lengths increased upon
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annealing. An improvement in the crystal quality of ZnMnO upon annealing points towards
a better intermix of ZnO-like phases (especially (002)) with MnxOy related phases which
is also correlated with the crystal structure better.

Table 4.11 X-ray diffraction results of as-grown and annealed ZnMnO.

Sample #

(002) 2θ peak
position (o)

(002) peak
FWHM
(arcsec)

Lattice
constant c (Å)

~ Vertical
correlation
length (Å)

E-2

34.54

694

5.187

431

E-2 annealed

34.56

600

5.184

500

E-3

34.48

603

5.196

496

E-3 annealed

34.58

584

5.181

512

Photoluminescence spectra as acquired in Figure 4.42 show a reduction in the peak
at ~3.3 eV with onsets of peaks at ~4 eV with annealing. Annealing could result in
introduction of non-luminescent impurity states and luminescent defect centers. This could
be caused by possible phases of Mn with O or Zn or related defects in zinc oxide.
While photoluminescence spectra at ~3.3 eV is deteriorated, absorption spectra as
shown in Figure 4.43 showed higher intensities in annealed samples. In addition to nonluminescent centers, Mn incorporation could also introduce energy states near the valence
or conduction band in ZnMnO resulting in sharp absorption around 3.3 eV.
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Figure 4.44 shows the Tauc plots that were used to calculate the bandgaps of
annealed samples. A reduction in bandgap with annealing is seen in samples that were
grown with 11% Mn source injection. As-grown samples have bandgap of 3.29 eV and
annealing reduced it to 3.27 eV.

Figure 4.42 Photoluminescence spectra of as-grown and annealed ZnMnO.

Figure 4.43 Absorption spectra of as-grown and annealed ZnMnO.
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Annealing ZnMnO favors the intermixing of ZnO like phases with possible Mnrelated phases resulting in a better crystal quality. Energy states near the valence or
conduction band are introduced or activated which result in a reduction in the bandgap.
Also, centers that affect existing luminescence, along with introduction of additonal
luminescent defect centers are activated with annealing.

Figure 4.44 Tauc plots of as-grown and annealed ZnMnO.

4.10. HALL EFFECT ANALYSIS OF TRANSITION-METAL DOPED ZINC
OXIDE
Initial Hall Effect analysis of Ni-doped ZnO (C-2) (450 oC/30 Torr) was performed.
Electrical characterization showed a carrier density of 2.5 x 1016 cm-3, variable mobility
range from -200 to -50 cm2V-1s-1 and a resistivity of 3 Ω-cm. Hall Effect results
(normalized) are shown in Figure 4.45. The Hall resistivity and 4-point Van der Pauw
resistivity showed similar trend and had similar changes with applied magnetic field. Hall
Effect is not clearly observed. However, response to applied magnetic fields is seen. This
points towards the presence of scattering centers in Ni-doped ZnO due to Ni-related phases
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which were also detected in X-ray diffraction measurement. Carrier-mediated mechanism
seems less likely in such cases.

Figure 4.45 Initial Hall Effect analysis of Ni-doped zinc oxide

Measurement and analysis of Ni and Mn-doped ZnO grown under different growth
conditions and pos-processed, for example by annealing, are needed to clearly understand
the magnetic properties and their mechanism in transition-metal doped zinc oxide.

4.11. CONCLUSION – TRANSITION METAL DOPED ZINC OXIDE
Transition metal-doped zinc oxide are grown by metal-organic chemical vapor
deposition and their structural and optical characteristics are investigated in this section.
MOCVD resulted in a good crystal quality and sharp absorption band edges. Un-doped
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zinc oxide showed a consistent bandgap with varying precursors’ flow rates, and with
varying possible vacancy and interstitial related native defects.
Ni and Mn were doped in ZnO. Ni-doped zinc oxide showed a reduction in bandgap
down to 3.26 eV (1.2% Ni). Reduction in bandgap depends on the growth conditions; low
pressure (≤ 30 Torr) and a temperature close to the decomposition temperature of the metalorganic precursors (and in a mass-transport regime) result in better crystal quality, sharp
band-edges and are optimum for the growth of ZnNiO. Annealing deteriorated the
photoluminescence spectra but resulted in a bandgap reduction in ZnNiO.
Mn-doped ZnO showed a peak shift relative to un-doped ZnO with a good crystal
quality possibly, due to intermixing of ZnO like crystal structure with Mn-related phases.
Bandgap of ZnMnO reduced down to 3.275 eV with Mn source injection up to 25%, and
down to 3.271 eV in annealed sample that was grown with 11% Mn injection. Annealing
improved the crystal quality and reduced the bandgap which points to a better intermix of
Mn in ZnO. However, photoluminescence response deteriorated due to incorporation
luminescent defect centers, and impurities that affected existing luminescence.
Doping zinc oxide with transition metals by MOCVD does show a potential for
bandgap tunability and annealing could further help to control it. Several types of energy
states depending on the oxidation states of the dopant could be introduced in ZnO leading
to bandgap tunability properties. A controllable introduction or activation of energy states
in zinc oxide by transition-metal doping could enable the development of multi-junction
solar cells with minimum interface related defects and better efficiency, along with
potential spintronic and thermoelectric devices wherein dopant-induced properties could
make ZnO more suited for the various applications.
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5. FIELD-EFFECT SCHOTTKY SOLAR CELLS

5.1. SOLAR CELLS
There has an increasing need and interest in the development and optimization of
solar cells targeted towards a high conversion of solar energy into electricity, with a low
cost and simple devices fabrication process345–352. Silicon has been extensively used to
build solar cells, and the devices fabrication technology for silicon solar cells is well
developed, however, the power conversion efficiency is practically limited to ~25%, as
seen in Figure 5.1. An indirect band gap of 1.1 eV in silicon introduces a limiting factor on
the photon absorption and on the resulting energy difference between the valence band and
conduction band edges typically responsible for open circuit voltages353–357. Using
alternative materials for silicon and developing multi-junction solar cells with silicon as
one of the active layers, could help address the power conversion efficiency related
limitations in solar cells.

Figure 5.1 Efficiency of solar cells with different active layer materials358.
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Alternative materials to silicon such as III-V and II-VI compound semiconductors,
for example, gallium arsenide (GaAs) and zinc oxide (ZnO), have a direct bandgap and a
potential for tunability in the bandgap making them also suitable for tandem structures359–
367

. Figure 5.2 shows possible variations in bandgaps of compound semiconductors with

alloying. For example, GaAs has a bandgap of 1.4 eV and AlAs of 2.2 eV and doping Al
in GaAs could result in intermediate bandgaps. Moreover, these materials have a minimum
lattice mismatch which minimizes the losses associated with crystal and interfacial
defects368–370. The number of interfaces and layers in devices structures increase as
passivation, anti-reflection, transparent conductive materials, and carrier-blocking are
added; existence of more lattice matched layers could help towards maintaining a good
solar cell’s efficiency371–376.

Figure 5.2 Energy gap and lattice constants of selected compound semiconductors377.
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Another way to achieve better solar cells performances is multi-junction solar
cells365,366,378. In single-junction solar cells, material used as an active layer absorbs energy
equivalent to its energy bandgap from the incident energy. The excess energy is lost as
heat, and low energy incident waves are transmitted. Using several active layers in a
tandem structure could help to achieve better efficiency as each of these layers have
different bandgaps379–381. Material with the highest bandgap could be the top layer, and
transmitted energy could be absorbed by lower energy bandgap materials towards the
bottom of a tandem structure. Compound semiconductors such as GaAs could be used as
top or intermediate layers in multi-junction solar cells. One of the challenges in using
compound semiconductors as active layers are the difficulties in producing high quality ptype materials, due to native defects that could deteriorate the efficiency of solar cells.
Schottky junction solar cells, built by a junction of n-type semiconductor and metal
could be an optimum choice, as they do not involve a p-type layer, and also provide a
necessary space-charge region and photo-current that is necessary for a photovoltaic
response200,382. Also, fabrication of Schottky-junction solar cells is cost-effective and
involves simple device processing. However, the depletion region in Schottky solar cells
is narrower than p-n junction solar cells, that could affect the effective performance of a
solar cell.
The Fermi levels of semiconductors needs to be matched with the metals so that
suitable energy barrier heights are achieved at the interfaces. Figure 5.3 shows Schottky
barrier heights formed using commonly used metal contacts with Si and GaAs.
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Figure 5.3 Table showing Schottky barrier heights of junctions made of common metals
with Si, Ge, and GaAs377.

In this section, a strategy called as Isolated Collection and Biasing Solar Cells
(ICBS) to increase the solar cell efficiency, especially of Schottky junction solar cells is
investigated. A gate contact is introduced in the Schottky junction solar cells, that induces
an external electric field in the space-charge region but stays isolated from the carrier
collection layer. Optimizing this biasing layer or gate contact could effectively enhance the
performance of cells.

5.2. FIELD-EFFECT SCHOTTKY SOLAR CELLS THEORY
Field-effect passivation involves design and development of Schottky solar cells in
which an external gate contact is introduced and applying a gate voltage could increase the
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Schottky barrier height and the resulting solar cell performance. In addition to serving a
strategy for general solar cells, it helps to overcome challenges such as thermionic
emissions or tunneling of carriers in reverse or undesired direction that affect solar cells
performances and happen to reduce the barrier height.
In this work, Isolated Collection and Biasing Solar Cells (ICBS) are developed in
which a bias layer is added to the Schottky solar cell and is isolated from the collection
contact to induce external band bending within the depletion region, thereby maintaining
(or increasing) the Schottky barrier height. Contacts and circuits are connected to the
collection layer while the bias layer is floating. The external band bending introduces
additional electron-hole pair separations that result in a higher photo-current as compared
to conventional Schottky solar cells. The band-bending in a typical n-type Schottky
junction solar cell is shown in Figure 5.4 (a), wherein a load resistor reduces the barrier
height and potentially deteriorates the solar cell’s performance. Effect of external bandbending in an ICBS solar cell is shown in Figure 5.4 (b). As seen, the Schottky barrier
height is still maintained due to the external bias layer, which also results in more electronhole pairs due to the field-effect. Irrespective of the barrier height under the collection
contact which could reduce when connected to resistors and other circuits, the bias layer
maintains the necessary barrier height.
Figure 5.5 shows the schematic of an ICBS solar cell. The collection layer and
ohmic layer are probed to electrically integrate the solar cell in external systems. The
performance of the solar cell could be further improved by adding interfacial layers such
as passivation layers to reduce interface defects (that could trap carriers) and increase the
solar spectrum absorption.
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Figure 5.4 (a) Band-bending in n-type Schottky junction cell under illumination with
carrier collection contact in the space charge region, and (b) Effect of isolated bias layer
and external band-bending in ICBS solar cell [from Proposal “Development of Next
General Multijunction Solar Cells”, Copyrights by Columbus Photovoltaics LLC, not
allowed for distribution].
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Figure 5.5 Schematic of an ICBS solar cell.

Theoretical modeling of an ICBS solar cell using COMSOL’s semiconductor
module is shown in Figure 5.6. The effect of isolation of the biasing layer from carrier
collection layer is understood. As seen in Figure 5.6 (a), a Schottky barrier height of 0.5
eV is maintained when there is no external resistor or circuit that could affect the barrier
height under collection contact. A potential of 0.5 eV is constant for both, the biasing and
collection layers. To emulate a scenario of a solar cell being connected in an external
circuitry, an external voltage drop is applied to the collection layer in Figure 5.6 (b). It is
observed that a reduction in barrier height is seen under the collection layer due to the
applied voltage drop. On the other hand, the barrier height at the bias layer stayed consistent
irrespective of an external circuitry.

5.3. FABRICATION OF GALLIUM ARSENIDE FIELD-EFFECT SCHOTTKY
SOLAR CELLS
This section discusses about the fabrication process of the ICBS GaAs-Ag solar
cells. The overall process of building a quasi-vertical structure ICBS solar cells consist of
photolithography using appropriate masks and deposition of intended metal layers step by
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step, in a clean environment. GaAs was the semiconductor, Ag was the Schottky contact,
and Au was the metal contact used. Two sets with different passivation layer thicknesses
were built, one with ZnO/Al2O3 2nm/18nm and other with 2nm/8nm.

Figure 5.6 Theoretical modeling of energy band structure of ICBS solar cell (a) No load
resistor or external circuit connected to the collection layer, (b) An external voltage drop
of 0.3 V at the collection contact [from Proposal “Development of Next General
Multijunction Solar Cells”, Copyrights by Columbus Photovoltaics LLC, not allowed for
distribution].
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Several photomasks are used in this device fabrication process depending on the
intended pattern, and desired layer to be deposited. Figure 5.7 shows examples of
photomasks that could be used in the device fabrication process. Different masks are used
for mesa etch of bare GaAs substrate, ohmic contact, bias, and Schottky layers. These
masks have patterns consisting of fingers slots and designed in various geometries. Two
types of configurations are used in this work – asymmetric collection layer geometry with
a contact probe towards one end, and symmetric collection layer with a contact probe area
at the center with fingers protruding perpendicular from this area. More and thinner fingers
result in a better contact area of the Schottky metal layer with semiconductor substrate. On
the other hand, a larger area of contact of the bias layer with semiconductor is conducive
for photovoltaic response but increasing the number of fingers could lower this. 5 and 15
fingers were determined to result in an optimum configuration and used for the devices.
An optimum gap between the biasing and Schottky contacts on the semiconductor is crucial
for proper isolation, such as the generation of localized electron-hole pairs is maximized
while the shunt and leakage currents are minimum. An optimum gap of 10 µm between the
Schottky or collection and biasing layer fingers was used.
Figure 5.8 shows an overview of ICBS solar cells fabrication. GaAs with n-type
carrier density in the order of 1017 cm-3 and a thickness of 400 µm was used as the
semiconductor substrate. 1x1 cm2 size pieces are cut and cleaned using a routine of acetone,
methonal and native oxide etch using dilute HCl. A Shipley S1813 positive photoresist is
spun on the samples at 4000 rpm and then baked. Mask aligner MA/BA6 is used to
selectively expose the piece to UV light using a mesa etch mask. H3PO4:H2O2:H2O in
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proportion of 3:1:40 for 120 seconds was used for the mesa etch resulting in a structure
with step size of about 200 nm, as shown in Figure 5.8.

Figure 5.7 Geometries of photomasks [from Proposal “Isolated Collection and Biasing
Solar Cells”, Copyrights by Columbus Photovoltaics LLC, not for distribution].

An ohmic contact layer is deposited on the samples using e-beam evaporation.
Ni/AuGe/Ni/Au with thicknesses of about 5/100/35/50 nm were deposited, as shown in
Figures 5.8. The samples were annealed using a rapid thermal annealer MILA-5000 at
440 oC in forming gas (95% N2, 5% H2) environment for 90 seconds.
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Figure 5.8 Illustration of a typical ICBS device fabrication process [from Proposal “Next
General Multijunction Solar Cells”, Copyrights by Columbus Photovoltaics LLC, not for
distribution].

Surface passivation is achieved by depositing ZnO/Al2O3 layer on the samples
using atomic layer deposition (ALD) at 200 oC in vacuum conditions. Surface passivation
could reduce dangling bonds, interface traps, leakage currents, and help towards achieving
a better solar cell performance376,383–385. Al2O3/ZnO has a high dielectric constant and
thermal stability and is transparent. Al2O3 combined with ZnO could reduce the nonradiation recombination centers at the interfaces, and also maintain a necessary dielectric
constant386–388. Two sub-sets of solar cells were made, one had a passivation later of
2nm/8nm ZnO/Al2O3 and other with 2nm/18nm ZnO/Al2O3.
ALD also known as atomic layer epitaxy or molecular layering is an effective
technique to grow conformal and uniform oxide layers with thickness of 10 nm or even
lower, at low temperatures of 100-400 oC. The process is self-limiting, sequential and a
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slow reaction kinetics gives control over the properties of the deposited layers389–393. Figure
5.9 shows a schematic of an ALD process390.

Figure 5.9 Working principle of atomic layer deposition with a sequential flow of two
precursors and carrier gas390.

Following deposition of the passivation layer, a bias layer of 5 nm Ag is deposited
using the respective masks and photolithography steps. A pre-treatment to etch native oxide
is performed in Piranha solution H2SO4:H2O2:H2O (1:1:50) and HCl:H2O (1:1) for 5
seconds before Ag deposition.
A Schottky collection pattern is developed and the Ag and ZnO/Al2O3 layer is
etched as shown in step (4) of Figure 5.10, to make an undercut and deposit Schottky layer
directly on the semiconductor substrate. HNO3:HCl:H2O (1:0.5:2) (10 seconds) and 5%
H2O2 (60 seconds) were used to etch Ag and Al2O3/ZnO respectively. Schottky Ni/Au of
5/100 nm layer is deposited as shown in step (5) of Figure 5.10 after a pre-treatment step
of H2SO4:H2O2:H2O (1:1:50) and HCl:H2O (1:1). At the last step, a bias contact layer of
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100 nm is deposited using a bias contact mask and a pre-treatment dip in HCl:H2O (1:1).
The step by step device fabrication process is summarized in Figure 5.10.

Figure 5.10 Overview of ICBS device structures through the fabrication process.
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5.4. GALLIUM ARSENIDE FIELD-EFFECT SCHOTTKY SOLAR CELLS
CHARACTERIZATION AND RESULTS
Electrical characterization of developed ICBS solar cells was performed to evaluate
the diode-like behavior and photovoltaic response with the gate effect. Current-voltage
between Schottky collection and ohmic contacts were probed as shown in Figure 5.11,
under dark and illumination conditions. The illumination system was calibrated, and power
used was 100 mW/cm2 equivalent to 1 sun AM1.5. I-V characteristics of the best
performing ICBS solar cells are shown in Figure 5.12.

Figure 5.11 ICBS solar cells for electrical characterization.

The solar cells clearly show diode behavior under both dark and illumination
conditions. Response under illumination confirms the photovoltaic properties of the built
devices. Open circuit voltage (VOC) up to 150 mV, and short circuit current (ISC) up to 5
µA were observed. The response was similar for devices with ZnO/Al2O3 layer of
2nm/18nm and 2nm/8nm thicknesses. The GaAs substrate in the solar cells had a carrier
concentration on a higher end, which could result in a reverse breakdown at 2-3 V and
shows signs of a high reverse saturation current density.
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Figure 5.12 Current-voltage characterization results of developed ICBS solar cells.
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The device structure could be optimized and depletion region under the external
bias layer could be widened by slight variations in material and device structure properties.
For example, a GaAs semiconductor substrate with lower carrier concentration in the order
of 1016 cm-3 could be an alternative that could help enhance the performance. The primary
objective of this work has been to address a narrower depletion region in Schottky solar
cells and understand the gate effect.
A gate voltage is applied to external bias layer and carriers are collected at the
Schottky collection layer, as shown in the device structure in Figure 5.13. The setup is
updated to add an additional external bias across the gate and ohmic connection through a
DC power supply. Measurement were acquired across the Schottky collection and ohmic
contact under dark and illumination conditions, as shown Figure 5.13., and external biases
(Vbias) ranging from -600 to 600 mV were applied. It can be observed that variations in
externally applied voltages show changes in the current-voltage characteristics in the
reverse as well as forward directions.
The short circuit current and open circuit voltage increase with a positive bias and
reduce with a negative bias at the gate contact and stay consistent in the range of -200 to
200 mV applied voltages.
The trend of short circuit current with applied gate voltage is shown in Figure 5.14.
The total current collected is the sum of photo-generated current in the solar cell, and a
current resulting from a forwards biased bias-ohmic junction. The bias-ohmic contact is
rectifying and resulted in an increased carrier flow towards the collection contact, which
varied directly with the applied gate voltage.
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Figure 5.13 Device structure and current-voltage characteristics of gate-effect solar cells
under the application of external voltage at the gate.
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Figure 5.14 Effect of applied gate voltages on the short circuit current in field-effect
Schottky solar cells.

5.5. FIELD-EFFECT SCHOTTKY SOLAR CELLS SUMMARY
Field-effect in GaAs/Ag Schottky solar cells was investigated by fabrication of
ICBS solar cells and then characterizing the effect of externally applied bias voltages on
the solar cell’s performance. These device structures help to encounter the p-type doping
related challenges faced by compound semiconductors in Schottky junction solar cells, and
are cost-effect and relatively easier to build. GaAs/Ag based solar cells were built with
ZnO/Al2O3 passivation layers of 10-20 nm thickness. The devices showed a photovoltaic
response. Application of external gate voltage resulted in an increase in the short circuit
current density and open circuit voltage, with contributions from the forward bias-ohmic
component and the photogenerated current.
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6. EQUIVALENT CIRCUIT MODELING OF INFRARED FREQUENCY
SELECTIVE SURFACES

6.1. FREQUENCY SELECTIVE SURFACES
Frequency selective surfaces (FSS) are networks of antenna-like elements that
permit electromagnetic scattering from an engineered structure. FSS are been used in
microwave range as ground planes and in radome design, photonic crystals, RF
interference mitigation, strain sensing and structural health monitoring394–398; FSS can be
readily scaled down to THz, infrared and even optical frequencies234,399–404. There is an
increasing interest in the infrared applications of FSS for narrowband and broadband
filters405–409. They can be used in thermal sensing and imaging applications402. Cross shape,
metallic ribbons, and square elements have been used as perfect absorbers405,410–412. FSS
thermo-photovoltaic applications include transmitting solar energy that can be converted
to electricity and reflecting other wavelength waves as per the respective engineering413,414.
FSS act as daytime radiative coolant for buildings and decrease the heating loads415,416.
Passive radiating surfaces that are not dependent on any active devices help in minimizing
energy consumption. Chemical, biochemical sensors, pollutant and refractive index
sensing elements can be developed using the infrared FSS technology410,416–418. Other
applications include spacecraft temperature control, beam-splitters, Fabry-Perot
interferometers, polarizers, laser couplers, and infrared sources with unique emission
spectrum410,413–419.
FSS are typically designed using simulation software and complex numerical
techniques based on finite element method and finite difference time domain methods420–
422

. These three-dimensional numerical approaches result in accurate modeling and design

175
of FSS but are computationally intensive and slow down the process of designing411,413,423–
426

. Equivalent circuit models on the other hand, provide an immediate knowledge of the

electromagnetic behavior of FSS that is necessary for quick design413,418. A change in the
behavior of FSS is linked to the corresponding geometrical or functional change using an
intermediate circuit model427,428. An FSS is considered as an inductor or capacitor or
resistor or a combination of these elements depending on its geometry type being patch or
slot, and its neighboring FSS elements411,423–430. Such modeling typically includes steps by
which a simple circuit model is first made and then modified or updated to achieve specific
characteristics such as broader band absorption or multiple absorption peaks.
Use of transmission lines to represent dielectrics embedded between several FSS
structures or ground planes enhances the accuracy of the equivalent circuit models and
helps in understanding the response to waves incident even at off-axis angles428.
Transmission line based equivalent circuit method (ECM) provides a quick solution for
designing an FSS and has an essential physical understanding that, relates electrical or
optical characteristics of the FSS to its geometrical structure and material properties431.
Although the ECM for FSS at microwave frequencies has been extensively studied, it was
only recently demonstrated that the lumped-element concept of ECM can be transferred to
optical FSS425,432,433. The ground plane at microwave frequency typically behaves like a
short circuit and does not absorb any electromagnetic waves429,434. At infrared frequencies,
the dissipative resistance produced by electron gas collision resists the current flow which
results in a penetration of more energy into the metal which can no longer be modeled just
as a surface resistance434.
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An ECM model for a simple cost-effective infrared FSS absorber which consists of
aluminum disk-based Hexagonal Close Packed Array (HCP), dielectric, and ground plane
has been developed399–401. Overviewing the section, an equivalent circuit model of the HCP
FSS at infrared frequencies allows characterization of the lumped parameters, and
determining the absorptivity, resonant wavelength and quality factor in the wavelength
range of thermal infrared from 8 µm to 14 µm412. The influence of geometric parameters
on inductance, capacitance, and resistance, extracted by fitting with High frequency
structure simulator (HFSS) simulation results, are studied. The resonant wavelengths and
corresponding quality factor and absorptivity are investigated by tuning these parameters
for impedance matching and comparing those with HFSS results. A baseline ECM is
developed in this paper considering normal incident data case.

6.2. HEXAGONAL CLOSE PACKED DISK (HCP) INFRARED FREQUENCY
SELECTIVE SURFACE (FSS)
A 2D disk patch FSS illuminated by a normal incident wave is shown in Figure 6.1.
The top FSS layer and ground plane is made of aluminum and the intermediate dielectric
layer is a polycrystalline silicon402. ANSYS HFSS for unit cell is used to obtain the
reflection coefficient over an infrared range of 8-14 μm. Geometric parameters of unit cell
are shown in Figure 6.1, in which p is periodicity of FSS and d is diameter of FSS disk.
Absorption remains stable when incident angle is less than 40o (not shown here), so no
significant difference in the values of the circuit elements would be expected.
When the wavelength is equal to the period of FSS, higher order diffraction is
observed, so lower periodicity values are considered. The 1-2 μm diameter range of FSS
disk is in accordance with the resonant wavelength in order to get resonance in an infrared
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range. Since a wavelength range of 8-14 μm is considered, the minimum dielectric
thickness for quarter wave mode is λ/4√εr = 0.585 µm at 8 μm, where εr = 11.7 is the
relative permittivity of crystalline silicon dielectric that is used. This quarter wave mode
peak has enough width to couple with the closed FSS mode at 8 μm, which is not desirable
in the FSS design. Therefore 0.5 μm was chosen as the maximum critical value of thickness
to avoid more than one propagation mode-coupling situation. Based on the above
discussion, three practical ranges of 0.05 μm ≤ h ≤ 0.5 μm, 2 μm ≤ p ≤ 4 μm and 1 μm ≤ d
≤ 2 μm are applied for the absorber model.

Unit Cell
z

x
y

p
d
h

Figure 6.1 Hexagonal close packed array frequency selective surface (h ranges from
0.05 to 0.5 µm, d ranges from 1 to 2 µm, and p ranges from 2 to 4 µm).

6.3. HCP FSS EQUIVALENT CIRCUIT MODEL (ECM)
The FSS array exhibits two dominant responses, mutual inductive response
between ground plane and FSS and a capacitive response between adjacent disks of FSS
which form a resonant circuit. Also, there is a capacitance caused by the charges induced
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on the edges of adjacent disks and the charges induced at the surface of ground plane and
bottom of FSS layer. The equivalent impedance of an infrared FSS can be represented
through a series of R2, L2 and C2 three elements, as shown in Figure 6.2. A series of two
elements R1 and L1 is used to represent ground plane. The dielectric layer is represented by
propagation constant γ, impedance Zsi and thickness h. At infrared frequencies, the loss
tangent of polycrystalline silicon approaches zero and hence is modeled as lossless
dielectric.

Figure 6.2 Equivalent circuit model of hexagonal close packed array frequency selective
surface.

6.4. OPTIMIZED EQUIVALENT CIRCUIT OF INFRARED HCP FSS
After HFSS simulations for different geometric parameter combinations, circuit
models with varying assigned values of R1, L1, R2, L2 and C2 were evaluated to obtain
reflection coefficients closest to the one obtained by HFSS. MATLAB optimization
toolbox is used to minimize the function defined as mean value of absolute difference
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between reflection coefficient obtained by HFSS and circuit model. Real and imaginary
parts of the reflection coefficients were considered in MATLAB optimization toolbox, and
interior point method-based algorithm was found to be most effective for these
optimizations.
The reflection coefficient of the FSS is calculated such as in Equation (14), where
Z0 is the free space impedance, and Z is the input impedance of the overall FSS structure
as shown in Equation (15). ZFSS is the characteristic impedance of FSS layer, such as in
Equation (16), and Zin is the input impedance for elements towards the ground as shown in
Figure 6.2 and Equation (17), where k0 is a wave vector and Z1 is the characteristic
impedance of the Al substrate (Equation (18)).
𝛤=
1
𝑍

=

𝑍− 𝑍0

(14)

𝑍+ 𝑍0

1
𝑍𝐹𝑆𝑆

+

1

(15)

𝑍𝑖𝑛

𝑍𝐹𝑆𝑆 = 𝑅2 + 𝑗𝐿2 𝜔 +

1

(16)

𝑗𝐶2 𝜔

𝑍 +𝑗𝑍𝑆𝑖 tan(𝑘0 ℎ)
𝑆𝑖 +𝑗𝑍1 tan(𝑘0 ℎ)

𝑍𝑖𝑛 = 𝑍𝑆𝑖 𝑍1

(17)

𝑍1 = 𝑅1 + 𝑗𝐿1 𝜔

(18)

These circuit parameters were determined and fitted in accordance with the HFSS
simulation results of the FSS with a threshold R2 of 0.95. Formulas for the circuit elements
were determined and are shown in Equations (19)-(23).
𝑅1 = 𝑎0
𝐿1 = (𝐴1 𝑑 2 + 𝐴2 𝑑 + 𝐴3 )𝑒 (𝐴4 ℎ𝑒

(19)
(𝐴5 𝑑) )

𝐿2 = (𝐵1 ℎ + 𝐵2 )[𝑝 − (𝐵3 ℎ + 𝐵4 )](𝐵5 ℎ
𝑅2 = 𝑎27 ℎ𝑎28 𝑝𝑎29 𝑑 𝑎30

2 + 𝐵 ℎ+ 𝐵 )
6
7

(20)
(21)
(22)
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𝐶2 = 𝑎31 ℎ𝑎32 𝑝𝑎33 𝑑 𝑎34

(23)

where, A1 = a1p + a2, A2 = a3p + a4, A3 = a5p + a6, A4=a7p2 + a8p + a9, A5=a10p2 + a11p +
a12, B1 = a13da14, B2 = a15d + a16, B3 = a17d + a18, B4 = a19d + a20, B5 = a21d + a22, B6 =
a23d + a24, B7 = a25d + a26. The values of all constants are shown in Table 6.1. As a result,
all of the equivalent circuit elements values can be predicted from geometric parameters.

Table 6.1 Constants in equivalent circuit model formulas.
a0

3.878

a7

-0.377

a14

-1.235

a21

-2.846

a28

0.254

a1

-7.869

a8

1.981

a15

85.118

a22

3.342

a29

2.395

a2

30.740

a9

-1.230

a16

-4.475

a23

1.916

a30

-2.311

a3

24.819

a10

0.329

a17

-0.450

a24

-1.622

a31

17.491

a4

-9.477

a11

-2.064

a18

0.357

a25

-0.697

a32

-0.910

a5

-4.422

a12

3.629

a19

1.226

a26

2.450

a33

-2.111

a6

76.616

a13

1696

a20

-0.375

a27

5.126

a34

3.563

Figure 6.3 shows the modulus and phase of S11 obtained by HFSS simulation and
equivalent circuit model (ECM) for three of the cases. The results are in good agreement
with each other and could be applied to obtain an insight into the FSS behavior. Frequency
responses in the discussed geometry parameters range of 0.05 μm ≤ h ≤ 0.5 μm, 2 μm ≤ p
≤ 4 μm and 1 μm ≤ d ≤ 2 μm were obtained.

181

Figure 6.3 Comparison of S11 magnitude and phase from HFSS simulation and equivalent
circuit model. (Red: p = 3 µm, h = 0.3 µm, Green: p = 2 µm, h = 0.2 µm, Blue: p = 2.8
µm, h = 0.2 µm).

6.5. GEOMETRY-DEPENDENCE OF THE FSS FREQUENCY RESPONSE
Absorption curves for wavelengths in 8-14 μm range were obtained using the model
in Equations (1)-(10). The behaviors of equivalent circuit model elements L1, L2, C2, R1
and R2 are investigated with changes in the geometric parameters in this section.
The inductance L1 of equivalent circuit model corresponding to varying geometric
parameters is shown in Figure 6.4. Since L1 represents the inductance of the ground plane
and between the ground plane and disk, the properties of ground plane and disk material
play key roles. L1 is affected by coupling between ground plane and the metal disks; a
lower period leads to stronger mutual coupling and contributes to a higher L1. In the
infrared region, the kinetic inductance term is negligible compared to the Faraday
inductance, since the incident frequency is not equal to aluminum plasma frequency431.
The Faraday inductance is caused by phase delay, which is insensitive to thickness.
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Figure 6.4 Ground inductance L1 with variation in the disk diameter for different period
values with h = 0.3 µm, and different thickness values with p = 3 µm.

The variation in the capacitance with changes in geometrical properties is shown in
Figure 6.5. C2 is directly proportional to the diameter of FSS disk and inversely
proportional to the period and thickness. C2 is produced by the charges induced on the
edges of adjacent disk by incident electromagnetic waves when thickness is very large,
hence a larger diameter and smaller period contribute to more charges’ concentration and
lead to a higher C2. Also, smaller thickness concentrates more charges between ground
plane and FSS layer, leading to a higher C2.
The variation of inductance L2 as represented in Figure 6.6 is complementary to the
capacitance performance. The Faraday inductance dominates in this case, and surface
plasmon modes are negligible. The Faraday inductance is equal to μo/(2kd) where μo is
permeability, k is wave vector and d is the diameter of disk. This inductance is inversely
proportional to diameter as shown in Figure 6.6. When the diameter is constant, L2 is
proportional to the period and thickness, leading to an increase in the mutual inductance
between disks434. This behavior ties back to dependence of the mutual inductance between
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adjacent disks, and between the disks and the ground on the FSS geometry. There is no
induced current in the dielectric medium since the dielectric layer is modeled as lossless.
With a decrease in the diameter and an increase in the period, C2 and L2 reach minimum
and maximum values respectively such that C2 × L2 ≈ constant.
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Figure 6.5 Capacitance C2 with variation in the disk diameter for different period
values with h = 0.3 µm, and different thickness values with p = 3 µm.
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Figure 6.6 Inductance L2 with variation in the disk diameter for different period values
with h = 0.3 µm, and different thickness values with p = 3 µm.
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Resistance R1 of the ground remains constant throughout the considered
wavelength range of 8-14 µm. Variation in the disk resistance with changes in the
geometric parameters is shown in Figure 6.7. The resistance decreases with an increase in
the cross-section area of the disk that is caused with an increase in the diameter, as
expected. The variation of the disk resistance with change in period and height follows a
similar trend as observed in L2 and is a part of the internal or parasitic resistive part of L2
and the disk impedance.

p=2 m
p=3 m
p=4 m

Resistance R2 ()

75

h=0.2 m
h=0.3 m
h=0.4 m

50

25

0

1.2

1.5
Diameter d (µm)

1.8

1.2

1.5
Diameter d (µm)

1.8

Figure 6.7 Resistance R2 with variation in the disk diameter for different period values with
h = 0.3 µm, and different thickness values with p = 3 µm.

6.6. MATERIAL-DEPENDENCE OF THE FSS FREQUENCY RESPONSE
Along with the geometric properties, the effect of material properties especially of
the dielectric, on the frequency response was briefly investigated using the ECM. Dielectric
constant or the relative permittivity (r) typically affects the energy storage properties of
the material and its frequency spectra characteristics. As the dielectric considered here is
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crystalline, the change in r would have negligible effect on the imaginary part of the
permittivity and hence negligible effect on the resistors and inductors of the model. r
dominantly affects the equivalent capacitance, and accordingly tune the frequency
response.
Values of r ranging from 8 to 20 were simulated and lumped parameters for these
models were determined by fitting using the procedure discussed previously. All lumped
parameters except C2 were kept constant. Changing C2 did update the frequency response
in the ECM and matched with the one from HFSS simulation. C2 is seen to change
proportionally with r as expected and seen in Figure 6.8. Material with a higher dielectric
point towards more electric field which is reflected in the capacitance associated partially
with the FSS and partially with the transmission line.
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Figure 6.8 Capacitance C2 with variation in dielectric permittivity of the layer between
disks and ground (dotted line: guide to the eye)
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This in agreement with the transmission line theories, strengthens and validates the
model as a tool for designing and controlling the behavior of infrared FSS with an intuition.
The primary effect of dielectric permittivity selectively on the capacitance, gives the
flexibility to tune the capacitance of FSS without significantly affecting other lumped
circuit elements. Designing an FSS configuration with different dielectric constants or
refractive indices, and accordingly tuned geometrical parameters, could have applications
in developing multi-functional FSS configurations as absorbers or transmitters. One of the
advantages of a transmission-line based ECM is the accommodation of the effect of the
dielectric constant between the disks and the ground (r) on the impedance calculations and
modeled lumped parameters.

6.7. PERFECT ABSORBER DESIGN USING ECM
Geometric parameters of the HCP disks to achieve perfect absorption in the 8-14
µm wavelength range were determined using the ECM and related equations. Absorption
higher than 99.99% was the threshold for being a perfect absorber. Perfect absorbers in the
range of 0.05 μm ≤ h ≤ 0.5 μm, 2 μm ≤ p ≤ 4 μm and 1 μm ≤ d ≤ 2 μm are studied.
The geometric parameter d dominates the extreme points of resonance wavelength.
It can be seen in Figure 6.9 that the resonance wavelength is shifted toward higher values
with an increase in the diameters. Data is plotted for p = 2 µm and p = 4 µm considering
these as extreme periodicity values in this study, and other intermediate p’s would have a
similar trend. The resonant frequency would typically increase as the device or material
size is reduced, which is seen in the case of the HCP disks. A reduction in disk size implies
a reduction in capacitance with an increase in inductance. Resonant wavelength of disk
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structures is inversely proportional to the square roots of inductance and capacitance. So,
an increase in the resonant wavelength with diameter implies an off-balance change in
capacitance and inductance with change in the disk size. The rates of increase in
capacitance C2 and reduction in inductance L2 are different with change in the diameter
which leads to the dependence of resonant wavelength on the disk diameter for perfect
absorption. For a constant L2, the capacitance C2 is also increased by using a material with
higher dielectric permittivity, which could add flexibility in FSS design. The focus of the
current work is on tuning geometrical properties of the infrared FSS to develop the ECM
and achieve perfect absorption.
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Figure 6.9 Conditions for perfection absorption by the hexagonal close packed array
frequency selective surface: Diameter determines the resonant wavelength, and thickness
and period determine absorptivity.

The relationship of thicknesses verses period with different diameters is shown in
Figure 6.9 and it is seen that the period is proportional to thickness. Since the effect of
period on L2, C2, and R2 is similar as thickness, changing either one has similar effect on
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the frequency response of perfect absorber FSS. This helps to find the correct period
corresponding to a specific thickness, required to achieve perfect absorption. The height
and period both also depend on the permittivity of the dielectric layer. A higher dielectric
material has a higher capacitance and hence would result in an absorption and quality factor
with higher dielectric height and periodicity. Therefore, to design perfect absorbers, the
diameter of disks is proportional to the resonant wavelength and the thickness is
proportional to the period.
The quality factor of an absorber further gives information about the frequency
selectivity of the designed FSS. The quality factor (figures not shown here) is inversely
proportional to resonance wavelength which relates to the onset of higher order at higher
frequencies. Quality factor of an inductor circuit is typically proportional to the inductance,
and that of a capacitor circuit is inversely proportional to the capacitance, at perfect
absorption. For a higher quality factor, higher inductance L2 and lower capacitance C2
would be desirable. It is clear that enhancement in L2 and reduction in C2 could be achieved
with a larger h or p, or a smaller d. The quality factor is enhanced with a higher h and
smaller d. The inductor and capacitor seem to dominantly effect the quality factor. Since
quality factor is the ratio of the energy stored in the absorber to the energy dissipated,
thicker dielectric layer helps the absorber to store more energy and increases the quality
factor.
(Also, as the quality factor would be greater when the absorptivity is lower than 1,
the resistance would affect it. As a smaller disk with a larger dielectric height and
periodicity results in a high quality factor, a higher disk resistance would be proportional
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to the quality factor when the absorptivity is lower than 1, even though the focus here is on
a perfect absorber case.)

6.8. TRANSMISSION LINE BASED MODEL FOR INFRARED FREQUENCY
SELECTIVE SURFACES - SUMMARY
Equivalent Circuit Model of Infrared Frequency Selective Surfaces (FSS) provides
an engineering insight into its frequency behavior and enables its rapid design. Hexagonal
close packed array separated from a ground plane by a dielectric was considered here to
formulate the equivalent circuit model consisting of circuit elements and transmission
lines. Unlike microwave FSS, the ground plane in the infrared FSS had an impedance
consisting of an inductor and a resistor. The dielectric was modeled as a transmission line
and the disk array was represented as a combination of inductor, capacitor, and a resistor.
The lumped circuit parameters effectively represented the FSS, characterized the frequency
response, and their variation with the geometric and material properties of the FSS
followed established electromagnetic relations and trends. In the case of analyzing perfect
absorber condition, it is found that the resonant wavelength is directly proportional to the
diameter of the HCP FSS, and the height and the period are inter-dependent and determine
the absorptivity and the quality factor. A change in diameter changes the equivalent diskrelated capacitance and inductance, which results in the tunability of resonant wavelength.
A higher inductance and a lower capacitance results in an increase in the quality factor,
which is achieved with an increase in dielectric thickness or the disks periodicity.
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7. CONCLUSIONS AND FUTURE WORK

7.1. CONCLUSIONS
Wide bandgap compound semiconductors and their rare earth and transition metal
doping is investigated in this work.
7.1.1. Mechanism for RT Spin Functionality in MOCVD-grown GaGdN.
Gallium nitride has a small lattice size, potential for spin exchange interactions, and growth
mechanisms that can result in p-type and n-type nature. While GaN doped with transition
metal such as manganese has been explored in the literature, the mechanism for the RT
ferromagnetism is based on deep impurity bands introduced by Mn within the bandgap of
GaN, and the material is highly resistive. GaN doped with rare earth element Gd exhibits
RT ferromagnetism and has relatively low resistance. The mechanism for the
ferromagnetism and spin in GaGdN is investigated.
Hall Effect characterization was performed to achieve an understanding of
MOCVD-grown GaGdN thin films on sapphire substrates and carrier-related properties.
GaGdN samples were grown using two Gd sources, Tris (2, 2, 6, 6 – tetramethyl-3, 5 –
heptanedionato) gadolinium ((TMHD)3Gd) and tris(cyclopentadienyl) gadolinium
(Cp3Gd). Un-doped GaN showed Ordinary Hall Effect (OHE) clear and linear variation in
Hall resistivity with sweeping magnetic field. GaGdN from Cp3Gd precursor also showed
OHE and no signs of spin. GaGdN grown using a (TMHD)3Gd precursor showed
Anomalous Hall Effect (AHE), that is, the trend of Hall resistivity vs applied magnetic
field was linear at high fields (above ~500 Gauss) but had anomaly at lower fields. This
points towards a retainment of spin in GaGdN even after the removal of external magnetic
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field. A coercive field of a few hundreds of Gausses could be in an optimum range such
that the spin in GaGdN would not fluctuate with ambient fields and at the same time be
tuned by external fields produced by current-carrying coils (or equivalent scalable
magnets).
The Hall resistivity is a combination of ordinary Hall component that is dominant
at high fields and anomalous Hall component which originates from GaGdN and
superposes with the external magnetic field resulting in an AHE. Relationship between the
Anomalous Hall conductivity and the samples’ net conductivity help in the understanding
of mechanism responsible for the spin in GaGdN. In GaGdN, the Anomalous Hall
conductivity increased with samples’ conductivity at a super-linear rate with an exponential
factor of 1.8. Such a relationship in low conductivity regime shows signs of spin in
MOCVD-grown GaGdN based on metallic conduction, localized carrier hopping and
intrinsic mechanisms. All these phenomena are related with the carriers in GaGdN and on
localized states present near the Fermi level.
The result that GaGdN from Cp3Gd showed OHE even in the presence of Gd
indicated that Gd as a dopant and GaN as host are not solely responsible for spin in GaGdN.
Upon reviewing the chemical composition of (TMHD)3Gd and Cp3Gd, a major difference
between the two sources was that (TMHD)3Gd contains oxygen in its organic ligand while
Cp3Gd does not. Also, density functional theory suggest that oxygen could play a role in
rendering magnetic properties in GaGdN280. Electrical characterization showed that
GaGdN from (TMHD)3Gd precursor have a higher resistivity, and a lower carrier
concentration and mobility as compared to GaGdN from Cp3Gd. It seems that oxygen
introduces energy states in GaGdN that reduce the n-type carrier concentration and increase

192
the resistivity. It was imperative to study the role of oxygen in GaGdN to sufficiently
understand the mechanism for spin in GaGdN. Similar to oxygen, carbon could also
introduce energy states in GaGdN that effect the spin functionality as per theoretical
modeling246,250.
GaGdN from Cp3Gd that showed OHE and do not contain any O were implanted
with O and C. Implantation dose, energy, and tile angle were determined so that implanted
GaGdN would have O or C concentration equivalent to O present in GaGdN from
(TMHD)3Gd precursor. O- and C-implanted GaGdN showed good crystalline quality even
after implantation and no O- or C-related secondary phases. FWHM of X-ray diffraction
(XRD) peaks in GaGdN stayed consistent after O- or C- implantation. Peak shifts in (002),
(004), and (006) crystal directions, towards higher diffraction angles were observed in
implanted GaGdN with more shift in O-implanted GaGdN. O has a smaller covalent radius
than N, hence a smaller lattice size in GaGdN:O confirms incorporation of O in GaGdN
and that part of implanted O substitutes N. C has a larger covalent radius than N but still
had a peak shift towards higher diffraction angles, which shows that it could occupy more
sites in GaGdN that are interstitial or similar as compared to substitutional sites.
As-grown GaGdN from Cp3Gd precursor had shown OHE, but GaGdN implanted
with O or C exhibited AHE. In O-implanted GaGdN, anomaly in Hall Effect response
started down from ~200 Gauss, and from ~500 Gauss in C-implanted GaGdN. The AHE
signal in O- and C-implanted GaGdN seemed different, but both showed AHE. GaGdN:O
showed a smoother AHE while GaGdN:C showed AHE with more fluctuations in the spin
at lower fields. Carrier concentration reduced and resistivity and mobility increased with
implantation. These variations in electrical characteristics with respect to as-grown GaGdN
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were more in O- than C- implanted GaGdN. O on substituting N acts as donor, so a
reduction in the n-type carrier density indicated that O occupies acceptor-type interstitial
or similar energy states in GaGdN along with substitutional sites. A peak shift towards
higher diffraction angles along with reduction in carrier density also showed that C
occupies interstitial or similar states in GaGdN.
O and C in GaGdN were further activated in GaGdN by annealing. O- and Cimplanted GaGdN were annealed at 1200 oC for 2 mins with a cap un-doped GaN face
down on the GaGdN samples. The samples showed good crystal quality and no secondary
phases upon annealing. The (002), (004), and (006) in GaGdN:O showed a slight shift
towards lower diffraction angles. Also, the FWHM reduced in GaGdN:O upon annealing.
This shows that O stabilizes in interstitial (or similar) states in GaGdN. Peak shifts towards
higher diffraction angles were observed in GaGdN:C upon annealing, which again pointed
towards a favorable incorporation of C in interstitial or similar sites. Even after annealing,
both GaGdN:O and GaGdN:C showed AHE. The nature of the signal changed upon
annealing. Spin fluctuations increased in GaGdN:O but reduced in GaGdN:C upon
annealing, but both had signs of spin functionality. Mobility of GaGdN:C and GaGdN:O
increased upon annealing, which pointed towards a better carrier localization. Annealing
reduced the resistivity of GaGdN:O but increased that of GaGdN:C; this was inter-related
to the FWHM of the XRD peaks and differences in incorporation of the dopants. Also, the
carrier concentration slightly increased in GaGdN:O due to activation of n-type defects in
GaGdN and reduced in GaGdN:C due to activation of acceptor type defects.
O and C play a crucial role in rendering spin in GaGdN and are likely to occupy
interstitial or similar sites. They introduce deep acceptor-type states within the band gap of
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GaGdN resulting in a p-d/f exchange. Summarizing Sections 2 and 3, the mechanism for
spin in GaGdN is a combination of intrinsic, metallic conduction and carrier-hopping, and
spin states induced by Gd is activated by O or C at interstitial or similar energy states in
GaGdN. A carrier-related mechanism enables control and manipulation of spin properties
which could be applied in spintronic devices. This is a favorable mechanism for RT
spintronics, and GaGdN could be a suitable material for future spintronic devices and
applications.
7.1.2. Bandgap Tunability in MOCVD-grown Transition Metal-doped Zinc
Oxide. Zinc oxide (ZnO) is a versatile and interesting material for applications in
photovoltaics, spintronics, photodetection, thermoelectrics, and biomedicine. Transition
metal doping could enhance and enable tunability in ZnO characteristics and result in
variations in the bandgap. A study of bandgap tunability could help towards implementing
ZnO in tandem solar cells, and also towards its understanding for spintronics. Metal organic
chemical vapor deposition (MOCVD)-grown ZnO doped with Ni and Mn were
investigated with emphasis on bandgap tunability.
Un-doped ZnO using diethyl zinc (DEZn) maintained at 5-16 oC and O2 as Zn and
O precursors with varying sources’ flow rates was grown to firstly understand the effects
of Zn and O-related possible defects on the bandgap of ZnO. Growth of good crystal quality
in (002) orientation was achieved as observed in XRD results. The bandgap of un-doped
ZnO stayed consistent with varying growth parameters.
Ni-doped ZnO was grown using bis-cyclopentadienyl nickel (Cp2Ni) as a nickel
source and maintained at 90-95 oC. Growth conditions were tuned so that reactions occur
in a mass transport regime, and VI/II ratio of 150. Differences in color were observed with

195
varying Ni flow rates on silicon substrates. Sapphire was still a preferred substrate and used
for most ZnO-based samples’ epitaxial growth, considering its hexagonal structure, better
lattice match, transparency, and thermal stability. The effects of Ni flow on the structural
and optical properties of ZnNiO were studied by growing two sets of samples, set A at 400
o

C and 100 Torr, and set B at 450 oC and 30 Torr, and varying Ni flow rates in each set.
An increase in Ni content with Ni flow rates in ZnNiO was seen as per energy-

dispersive X-ray spectroscopy (EDX). Hexagonal crystal structure in (002) direction, and
secondary Ni-related phases such as (Zn)NiO (111) were observed. (002) XRD peak
shifted upon Ni-doping. Ni could occupy substitutional and other energy sites in ZnNiO.
The FWHM reduced and crystallite size increased upon Ni-doping, which confirmed a
good crystal quality. Set A (400 oC, too Torr) samples had a larger FWHM than Set B (450
o

C, 30 Torr) which showed that a lower pressure and higher temperature resulted in a better

crystal quality. The oxygen content was lesser than Set B (450 oC, 30 Torr) samples than
Set A (400 oC, too Torr), hence Ni incorporation also influenced oxygen content due to
defect states, oxygen vacancies, or interstitials. A red-shift in the band edge was observed
in Ni-doped ZnO as compared to un-doped ZnO, as per absorption measurement. A
bandgap reduction from 3.276 to 3.269 eV was observed in Set A (400 oC, 100 Torr) with
Ni content up to 2.3%, and from 3.287 to 3.26 eV in Set B (450 oC, 30 Torr) with Ni content
up to 1.2%. The bandgap reduction was more in Set B samples with a lower Ni
incorporation. Growth conditions in Set B of 450 oC and 30 Torr resulted in more Nirelated energy states responsible for bandgap reduction. Growth conditions could influence
sites occupied by Ni such as Ni2+ substituting Zn2+, interstitial sites, impurity bands, and
oxygen vacancies and result in different bandgap reduction rates.
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In later study, ZnNiO was grown under varying temperature of 450 (Set C) and 550
C (Set D) and pressure from 22 to 100 Torr, with constant precursors’ flows and other

o

growth conditions. The crystal quality of ZnNiO reduced with an increase in the pressure
in both the sets. ZnNiO grown at 450 oC and lower pressure showed sharper ultra-violet
photoluminescence peaks as compared to higher temperature or higher pressure samples.
Absorption spectra showed a significant reduction in intensity at high pressure. Sharper
band edges at ~3.3 eV were observed in samples grown at or under a pressure of 30 Torr
at 450 oC and 550 oC. Growth conditions with temperature in mass transport regime and
close to the decomposition temperature of metal-organic sources, and a pressure of ≤30
Torr were optimum for the MOCVD growth of ZnNiO. A sample from Set C with 30 Torr
growth pressure was annealed at 1000 oC for 30 mins in air. The photoluminescence quality
reduced upon annealing due to a reduction in luminescence centers. Absorption spectra
showed a reduction in band gap from 3.289 to 3.277 eV upon annealing, due to a possible
activation of sites occupied by Ni in ZnNiO that favor a bandgap reduction. Post-growth
annealing could help to tune the bandgap of ZnNiO.
Manganese doping in ZnO was studied using a bis(cyclopentadienyl) manganese
(Cp2Mn) source maintained at 150-162 oC. Crystal orientation in (002) direction was
observed along with possible MnxOy related phases. ZnMnO showed a better crystal quality
as compared to ZnNiO. Photoluminescence peaks in ultraviolet region and oxygen vacancy
or zinc interstitial or defects related luminescence around 2.2 eV were observed.
Absorption bandgap reduced from 3.291 eV at 0% and 11% Mn source injection to 3.275
eV at 25% Mn injection. Annealing improved the crystal quality due to an intermix of
overlapping ZnO-like and MnxOy-like phases. Luminescence at ~3.3 eV reduced but
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defect-related luminescent centers at ~4 eV appeared. Absorption intensity increased and
bandgap reduced upon annealing. ZnMnO with 11% Mn source injection and 3.29 eV had
a bandgap of 3.27 eV upon annealing, due to activation of possible Mn-related energy
states near the valence or conduction band that are conducive for bandgap reduction.
Transition metal doping could help to controllably introduce energy states in ZnO
and result in characteristics such as bandgap tunability, for photovoltaic and spintronic
applications.
7.1.3. Development and Analysis of Field-effect Schottky Solar Cells. Gallium
arsenide (GaAs) / Au based field-effect Schottky solar cells with ZnO/Al2O3 passivation
layers were developed. An external gate contact isolated from carrier collection layer was
used to increase or maintain the band-bending and Schottky barrier height. An optimized
development process was followed for the field-effect Schottky solar cells’ fabrication.
Variations in the current-voltage characteristics were observed with externally applied gate
voltages. An increase in the short circuit current density with external gate voltage was a
combination of photogenerated current due to the field-effect and forward gate-ohmic
related current.
7.1.4. Development of Equivalent Circuit Model for Infrared Frequency
Selective Surfaces. An equivalent circuit model (ECM) based on transmission lines was
developed for infrared frequency selective surfaces (FSS) considering a hexagonal close
packed disk array (HCP) on aluminum ground plane separated by a silicon dielectric. High
frequency structure simulator (HFSS) was used to acquire reference frequency responses.
A wavelength of 8-14 µm was considered, with HCP disk diameter of 1-2 µm, disk
periodicity of 2-4 µm, and dielectric height of 0.05-0.5 µm to acquire a quarter wave mode

198
peak. The FSS was modeled as a combination of resistance, inductance, and capacitance,
the ground plan as resistance and inductance, and the dielectric as a transmission line.
The equivalent circuit elements were functions of the geometry parameters of the
HCP FSS structure, and the reflection coefficients were determined considering the circuit
parameters and transmission line. Responses from ECM model matched with HFSS
simulation results with an R2 of over 0.95. HCP inductance increased with height and
periodicity, and reduced with diameter, due to an increase in mutual-disks coupling and
self-inductance. Ground inductance increased with dielectric height due to mutual
inductance. Mutual inductance components from disk diameter and periodicity reduced the
net ground inductance. Disk capacitance increased with diameters and decreased in
periodicity or height, due to an increase in the charge concentration / storage in the FSS.
Disk resistance followed a similar trend as disk inductance and could be its parasitic part.
Ground resistance stayed consistent but had to be included in the circuit to effectively
model the FSS. The trend of disk capacitance and inductance with geometry parameters
was complementary, and their product could define the resonant frequency for the FSS.
Conditions for perfect absorber design in 8-14 µm wavelength range were
determined using the ECM. The resonant wavelength is inversely proportional to the disk
diameter. This implies an off-balance change in disk capacitance and inductance with
diameter resulting in a tunable resonant wavelength. The dielectric thickness or height
varied proportionally with periodicity to achieve perfect absorber conditions, as both had
similar effects on the FSS circuit elements. An increase in the disk inductance and decrease
in disk capacitance with a smaller diameter, or larger height or periodicity, increased the
quality factor. (Disk resistance would inversely effect the quality factor for responses with
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peak absorptivity lesser than 1.) An insight into the functioning of infrared FSS through an
equivalent circuit model could help towards their rapid design.

7.2. FUTURE WORK
This section discusses the future directions of the discussed works.
7.2.1. Spin-related Characterization of MOCVD-grown GaGdN.

Spin

characterization of MOCVD-grown GaGdN could be continued and related understanding
could be enhanced using Anomalous Hall Effect measurement, magnetic circular
dichroism (MCD), superconducting quantum interference device (SQUID), and
photoluminescence.
Anomalous Hall Effect (AHE) in MOCVD-grown GaGdN with varying carrier
density and O or C content could be performed. Effects of varying carrier concentration
could help towards understanding the correspondence between the ratio of spin and charge
carriers. Studying GaGdN with varying O or C content could help understanding if the
presence of O or C is necessary or the spin polarization is related with the O or C content.
If the spin and O/C- content are related, an optimum configuration of Gd, O, and C could
be determined to achieve efficient spin functionality in GaGdN. Varying temperature
measurement could result in changes in the Hall resistivity and other electrical
characteristics of GaGdN. Variations in the Hall resistivity or the Anomalous Hall
resistivity with the samples’ conductivity wherein these resistivities change as a function
of temperature for a constant sample could be studied. The trend could be compared with
the trend achieved when AHE in samples with different resistivity are plotted and resulting
mechanism could be understood in more detail.
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Photoluminescence measurement could be performed on GaGdN that shows AHE
and compared with un-doped GaGdN and as-grown GaGdN from Cp3Gd that shows OHE.
Intensities, FWHM, peak positions of photoluminescence of GaGdN samples could be
inter-related to Hall Effect measurement and electrical characterization results. This could
help towards identifying defect states that could be responsible for rendering spin
functionality in GaGdN. .
Magnetic circular dichroism or Magneto-optical Kerr Effect (MOKE) could be an
effective way to characterize the spin functionality in MOCVD-grown GaGdN435–439.
Waves depending on their polarization would be absorbed or emitted at different rates by
materials based on their magnetic or spin properties. External magnetic field in a positive
and negative direction with a fixed polarization (right or left) could be swept and incident
on the GaGdN sample, and difference between the reflected left-circularly polarized and
right-circularly polarized light could be calculated to determine the spin polarization, as
shown in Figure 7.1.

Figure 7.1 Schematic of magnetic circular dichroism measurement process. [from
http://alma.karlov.mff.cuni.cz/hamrle/teaching/lectures/hamrle_moke.pdf) (02/19/2020)]
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A typical experimental setup for MCD measurement is shown in Figure 7.2435. A
wave converted to circularly polarized wave through a photo-elastic modulator is incident
normal on a sample as shown in the Figure 7.2. Light waves from the sample are acquired
by a photodiode and then processed by a computer. Several amplifiers, focusing mirrors,
filters, etc. would be used at different paths in the setup.

Figure 7.2 Typical experimental setup for magnetic circular dichroism measurement435.

Magnetic properties of GaGdN containing O or C could be investigated by SQUID
characterization. Effects of interfaces or defects or parameters not directly related with the
carriers but still influence the magnetic properties could be understood using SQUID. A
completely carrier-related mechanism is a preferable case, so defects that result in spin in
GaGdN could be identified and potentially reduced.
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O- or C-related energy states in GaGdN could be experimentally identified and
properties of GaGdN could be characterized by techniques such as electron energy loss
spectroscopy (EELS), secondary ion mass spectroscopy (SIMS), and electron
paramagnetic resonance (EPR).
7.2.2. MOCVD-GaGdN Based Spin-LEDs. Spin-light emitting diode (SpinLED) based on MOCVD-grown GaGdN and GaN related quantum wells (QW) could be
fabricated as shown in Figure 7.3.

Figure 7.3 Schematic of a MOCVD-grown GaGdN based Spin-LED

Current-voltage characteristics of Spin-LEDs could be measured and related with
the spin properties measured using other techniques mentioned in the previous Section
7.2.1. Electroluminescence (EL) spectra could be acquired and response under varying
magnetic fields could be evaluated to determine the spin polarization38,238,440. Spin
relaxation and lifetime could be potentially estimated by comparing the results with undoped GaN or by tuning the active layer.
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Moreover, fabrication of MOCVD-GaGdN Spin-LEDs would show a potential and
lead ways towards development of devices such as Spin-diodes, Spin-photodetectors, and
Spin-photoemitters.
7.2.3. Additional Characterization of GaN and ZnO Materials. Functionality
of GaN and ZnO could be explored by additional characterization. Thermoelectric
characterization of MOCVD-grown GaN and ZnO based materials could be performed.
Heat dissipation in electronic devices and solar cells could be potentially converted into
electricity. Thermo-emf was observed in Ni-doped thin films grown by chemical spray
pyrolysis technique, as shown in Figure 7.4315. However, the influence of Ni-doping on the
thermo-emf and related thermoelectric properties is still not clear.

Figure 7.4 Thermo-emf in Ni-doped ZnO by spray deposition315.
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Electrical characterization of ZnO doped with Ni and Mn could be performed.
Doping and growth conditions could be tuned to achieve carrier concentration, mobility,
and resistivity for device applications such as solar cells and spintronic devices. Energy
states introduced in ZnO by Ni or Mn could be studied further by identifying if those add
to the intrinsic n-type carrier concentration of ZnO or act as compensating centers. Spin
characterization of transition metal doped ZnO could be done to understand the doping
effects, phases or clusters, and possible spin interactions in ZnO.
7.2.4. Compound Semiconductor Materials for Bandgap Tunability.

In

addition to zinc oxide, other compound semiconductors could be explored for bandgap
tunability and potential applications in photovoltaics.
Zinc sulfide doped with transition metals has a potential for bandgap tunability and
this could also depend on the grown techniques249–258. Lowest energy transitions for ZnS
doped with transition metals as per first principles calculation are shown in Figure 7.5441.

Figure 7.5 Lowest energy electronic transitions of transition metal doped zinc
sulfide as per first principles calculations441.
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Zinc sulfide doped with Fe and grown by MOCVD has shown a potential for
bandgap reduction, as seen in Figure 7.6451,452. The samples were grown at 350 oC and 760
Torr using dimethyl zinc (DMZn) and H2S. A ZnFeS (002) was observed and a FeS-like
cubic structure (220) became apparent with Fe content over ~25%. A reduction in bandgap
was seen with an increase in the Fe content. Similar effect was observed in zinc selenide
microspheres grown by a hydrothermal method in (111) orientation and doped with Mn as
seen in Figure 7.6.

Figure 7.6 Absorption Tauc plots of MOCVD-grown ZnFeS with varying Fe content451,452.

7.2.5. Development of ICBS Solar Cells in Multijunction Configuration. Fieldeffect in Schottky solar cells could be understood in more details. Proof of concept of ICBS
has been investigated in other works (from our group). ICBS solar cells with band gap of
~1.8 eV could be developed. Material with a 1.8 eV bandgap could be grown as parts of
Section 7.2.4. AlGaAs with 30% Al could also be explored as a 1.8 eV material. A 1.8 eV
ICBS solar cell could be combined with a ~1.1 eV silicon solar cell in a dual-junction
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configuration. A high power conversion efficiency could be achieved by optimizing the
dual-junction configuration.
7.2.6. Investigation of Equivalent Circuit Model for Infrared FSS. The
transmission-line equivalent circuit model could be explored to achieve insights in the
infrared FSS behavior with varying material properties and at off-axis waves’ incidence.
Material properties of the dielectric, HCP disks, and ground plan could be tuned and effects
on the circuit parameters and the model could be studied. In the case of off-axis incidences,
the transmission line would typically accommodate tangent of the incident angle, and
equivalent circuit model for normal incidence could be updated accordingly. A broader
transmission line model could be developed that could help towards designing infrared FSS
with normal as well as off-axis responses. Other models such as capacitance-based model
wherein a capacitance is used instead of a transmission line could be compared. Differences
in accuracies in the resulting resonant wavelength, absorptivity, and quality factor, using
transmission-line model and other models could be studied under normal and off-axis
incidences. Such studies could strengthen and possibly help to understand the validity or
exception limits of equivalent circuit models, and apply those for rapid design of infrared
FSS with a physical insight.
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